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About this Journal

KONA Powder and Particle Journal is an international, inter-
disciplinary, and Diamond Open-Access journal that focuses 
on publishing articles on powder and particle science and 
technology.

This journal is a refereed scientific journal with an annual 
publication history dating back to 1983. It is distributed free 
of charge to researchers, members of the scientific communi-
ty, universities, and research libraries worldwide by the 
Hosokawa Powder Technology Foundation, established by 
the late Mr. Masuo Hosokawa in 1991.

The Chinese character “粉” featured on the cover of the 
journal is pronounced as “KONA” in Japanese and signifies 
“Powder.” The calligraphy for this character is attributed to 
the late Mr. Eiichi Hosokawa, the founder of Hosokawa 
Micron Corporation.

KONA Powder and Particle Journal will cease publication 
with its issue in early 2026 (No. 43). Submissions close at 
the end of 2024. The articles published in this journal will 
remain available on J-STAGE.

About the Cover
Airborne pathogens, including bacteria, viruses, and fungi, 
pose a significant threat to human health. Various mitigation 
strategies have been developed to combat this issue, such as 
air filtration, ventilation, UV irradiation, and photocatalytic 
oxidative disinfection (POD). The combination of passive air 
filtration and active POD techniques shows promise in effec-
tively neutralizing airborne pathogens. However, the efficacy 
of POD is hindered by factors such as rapid charge recombi-
nation, limited understanding of pathogen-catalyst interac-
tions, and short migration distances of reactive oxygen 
species (ROS). Therefore, it is essential to gain a cellular- 
level understanding of the fundamental principles and these 
limiting factors within POD systems. This knowledge will 
elucidate mechanistic pathways and guide the design of  
future catalyst particles aimed at improving air quality. This 
is discussed in detail on pp. 188–199.
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Editor’s Preface

Brij M. Moudgil
Chairman of American Editorial Board

University of Florida, USA

As Chair of the American Editorial Board, I am pleased to introduce the KONA Powder & Particle Journal No. 42. 
Consistent with our tradition, this issue contains 13 high-quality reviews and 4 original papers.

It is no secret that with the explosive growth of artificial intelligence/machine learning (AI/ML) modalities, we 
are witnessing a unique opportunity to not only realize phenomenal growth in practical applications of particulate 
systems, but also to overcome certain long-standing challenges that have impeded particle technologists over the 
ages. Through judicious integration of AI, particle technologists can reduce the cost of production and accelerate the 
development of customized functionalities that might not otherwise be feasible by traditional methods.

Particle technologies continue to play a vital role in advancing useful developments in a wide variety of industries, 
from food to pharmaceuticals and mining to microelectronics, and beyond. The use of tailored powders in additive 
manufacturing is growing, particularly in industries like aerospace, automotive, and healthcare. Particle technolo-
gies offer the potential for the development of novel materials with improved mechanical properties and complex 
geometries. Nanoparticles with specific functionalities (e.g., magnetic, optical, electronic, or catalytic properties) can 
be used in applications such as imaging, sensors, and energy harvesting. These particles enable the creation of new 
products and technologies with enhanced performance across various sectors, including healthcare and electronics. 
Particle technologies are being explored for enhancing bioavailability of nutrients, and in precision agriculture for 
controlled release of fertilizers and pesticides. These advancements could lead to more sustainable food production 
and improved nutritional quality. In energy production, particle technologies are important for applications like solar 
panels, fuel cells, and batteries. Enhanced energy efficiency and the development of sustainable, renewable energy 
solutions can be achieved through the optimization of particle-based systems.

Collaborative approaches between academic researchers in particle technology and AI/ML, and contract manufac-
turers (CMOs) and research organizations that specialize in scaling up particle-mediated processes provide a unique 
opportunity to develop robust system specific scale up protocols.

Where there are opportunities, challenges are to be expected. The production and handling of nanoparticles and fine 
particulates can pose health risks, including respiratory issues or toxicity, as well as environmental contamination. The 
toxicity of nanoparticles is highly dependent on their specific characteristics, such as size, shape, composition, and 
surface properties. While some nanoparticles have shown toxic effects, particularly in high doses, many nanoparticles 
and nanostructures have been successfully designed to minimize risk and maximize therapeutic or functional benefits. 
Ongoing research is beginning to address these challenges, but the rapidly evolving field of nanotechnology requires 
constant updates in both research and policy to ensure safe use.

AI will be transformational for the field of nanotechnology. Models can simulate complex particle interactions in 

https://doi.org/10.14356/kona.2025020
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various media (liquids, gases, biofluids etc.), predicting agglomeration, sedimentation, or dispersion properties. This 
can help optimize the use of particles in applications such as functional coatings, advanced composites, healthcare, 
and pharmaceuticals.

High throughput particulate mediated experimentation is still under development. However, AI has the potential 
to expedite reliable data acquisition by automating the experimentation process. At the same time, robotic systems 
equipped with AI may enable rapid testing of different particle formulations and conditions.

Although numerous applications of AI/ML systems for on-demand commercial production of nanoparticles and 
nanostructures have been proposed, practical applications of AI are not without challenges. For example, ongoing 
collaborative efforts have revealed that the scarcity of high-quality, standardized data is a critical barrier to develop-
ing robust and reliable nano-QSAR models. One of the primary issues is the lack of availability of sufficient number 
of uniform datasets, since different experimental groups have employed different assays, and different biological 
systems. This makes it challenging to develop computational models that are universally applicable, since minor 
changes in nanoparticle composition can lead to vastly different toxicological outcomes. Additionally, validating these 
models is challenging due to the limited availability of comprehensive external datasets and the difficulty in defining 
the applicability domain—i.e., the range of nanoparticle properties for which the model predictions are dependable. 
Integrating these models into regulatory frameworks is further complicated by the need for standardized guidelines 
and protocols, which require coordination among researchers, regulatory bodies, and industry stakeholders to ensure 
these computational tools are effectively and appropriately used in nano-safety assessments.

It is interesting to note that despite the myriad AI/ML challenges, a recently published paper has illustrated the 
potential of using ChatGPT-4 and LLM (Large Language Models) to write an original pharmaceutics manuscript. 
Although the results generated appeared plausible, the authors strongly advise that human interpretation and valida-
tion are necessary to enhance AI capabilities in generating robust data that may be suitable for practical applications.

On the educational front, artificial intelligence has wide-ranging potential. For example, AI-powered platforms are 
already offering personalized tutoring. For educators, AI can help tailor instruction to meet individual student needs 
and predict which students may require additional support for understanding a specific topic.

Overall, I believe harnessing the application of AI/ML and advanced computational tools has the potential of stimu-
lating both the instruction and applications of particle and powder technology for continued societal benefit. However, 
the need for domain expertise is going to be ever more critical to make proper use of AI/ML tools, which otherwise 
may lead to highly risky developments. Regarding our collaborative efforts to ensure KONA’s continued relevance 
and reputation as a foundational source of particle and powder technology knowledge, more review papers authored/
coauthored by current and past industry researchers and practioners are highly desired to further enrich KONA’s 
literature and library. Mini reviews on emerging topics by younger professionals is another opportunity to present 
breaking developments to KONA readers.

I would like to close by thanking all the authors and reviewers who have contributed to the “KONA Powder and 
Particle Journal” Issue No. 42. Their research, contribution and partnership have been instrumental in making this 
edition a success and ensuring that we all have an eye on the future of KONA and the technologies on the horizon with 
respect to which our expertise will be sought.

Brij M. Moudgil, Chair
American Editorial Board
September 2, 2024
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Fine and Nanoparticle Adhesion and Aggregation Behaviour 
Characterisation and Control †

Hidehiro Kamiya
Institute of Engineering, Tokyo University of Agriculture and Technology, Japan

The control of adhesion and aggregation behaviour in gases, liquids, 
and solids is important for the application of inorganic nano- and fine 
particles in various fields, such as functional materials and devices, 
pharmaceuticals, cosmetics, and pigments. We have developed original 
methods for the characterisation of interfacial molecular- and 
nanometre-scale structures and interactions between particles and 
substrate materials. The surface molecular-structure design by an 
organic surfactant, commonly called a “ligand,” was investigated with 
different molecular structures for nanoparticle-dispersion stability 
control in various organic solvents and polymer solid materials. First, 
we introduce various approaches for controlling the interfacial 
molecular structure of nanoparticles to disperse nanoparticles in various 
liquids. Next, aggregation- and adhesion-behaviour characterisation 
methods, such as colloid probe atomic force microscopy and the control 
of fine powders and microcapsules in the ceramic and pharmaceutical 
fields, are reviewed. Finally, the characterisation and control of the 
adhesion behaviour of fine ash particles at high temperatures in energy 
generation and environmental systems are investigated. Original 
characterisation devices and a model of an ash-particle preparation method from pure silica were developed by adding small amounts of 
elements, such as alkali metals and phosphates, to analyse the increase mechanism of the ash-adhesion force at high temperatures. Based 
on the results of the analysis, the adhesion behaviour can be controlled by the addition of various materials.
Keywords: particle surface interaction, interface structure design, ligand and dispersant, dispersion/aggregation control, high 
temperature effect

1. Introduction
Nanoparticles, which are smaller than 100 nm in diame-

ter, have various functional properties such as quantum, 
optical, electromagnetic, and chemical catalytic properties. 
Recently, mass-production processes for nanoparticles and 
nanomaterials have been developed, and cost reduction is 
progressing. For example, the mass production of carbon 
nanotubes has been developed at the commercial level us-
ing a fluidised bed process (Li et al., 2021) and a new reac-
tor design (Yoko et al., 2020). Technologies for controlling 
the size, shape, composition, and crystallinity of various 
nanoparticles and materials in gas and liquid phases have 
also been developed (Park et al., 2004). However, the  
aggregation- and adhesion-behaviour control of fine and 
nanoscale particles remains important for the application of 
nanoparticles in functional material processing, pharma-
ceuticals, cosmetics, and pigments. For example, when 
hydrophilic nanoparticles such as metal oxides are dis-

persed in a nonpolar solvent, a surfactant or ligand com-
prising a hydrophobic organic chain and an adsorbent 
group or coupling agent is adsorbed or reacts on the surface 
of the nanoparticles. The theory required to obtain the opti-
mum molecular size and structure of the ligand and cou-
pling agent for nanoparticle aggregation control in various 
solvents has not yet been completed. For nanoparticle dis-
persion, a ligand that is not too large compared with the 
polymer is typically used. In contrast, for fine particles and 
microcapsules, which are larger than 100 nm in diameter, a 
polymer dispersant with a size of approximately 10,000 g/mol  
is typically adsorbed on the particles for dispersion 
(Kamiya et al., 1999). In the gas phase, a nanometre-scale 
surface treatment was developed to reduce the adhesion 
force of fine particles. In particular, at high temperatures, 
the increase in ash adhesion causes various problems in 
power generation using coal and in environmental plants 
for biomass and waste combustion. The control of adhesion 
and aggregation behaviours in air is also an important sub-
ject.

This paper discusses the fundamentals of fine and nano-
scale particle behaviours such as the reason for the differ-
ence in surface activity and structure, focusing on the 
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dispersion and aggregation control of nanoparticles in var-
ious solvents. The combination of the materials, size, 
shape, and surface structure of nanoparticles with solvent 
properties is an important factor in the selection of a molec-
ular design structure for nanoparticles. Two approaches are 
proposed to disperse nanoparticles: one is the development 
of ligands with universal dispersibility in different solvents, 
and the other is ligand-exchange technology for particle 
synthesis and dispersion control in the final desired solvent. 
Next, we focus on fine-particle and microcapsule  
aggregation- and adhesion-behaviour characterisation and 
control in liquid. By Ducker et al. (1992), the surface inter-
actions between fine particles were determined using col-
loidal probe atomic force microscopy, AFM and other 
characterisation methods. Based on the characterisation 
results, the optimum polymer and surface molecular struc-
ture required to control the surface interaction and dense 
suspension behaviour is determined. Finally, some original 
characterisation methods for fine-ash particle-adhesion be-
haviour at high temperatures have been developed. Based 
on the characterisation results of the surface interaction, the 
mechanism of the adhesion-increasing behaviour is investi-
gated, and new methods for controlling ash adhesion at 
high temperatures have been also developed and intro-
duced in this paper.

2. Interface-structure design of nanoparticles 
for aggregation-behaviour control in 
liquid

2.1 Interface structure and behaviour of 
nanoparticles

Nanoparticles have large specific surface areas and high 
surface energies. To discuss the effect of the particle size on 
the surface energy and structure, a simple crystal structure 
was assumed as in a simple cubic and one-atom basis. The 
relationship between the surface atom ratio, Ri, and the 
particle size, which is determined by the number of atoms 
per side, i, is calculated using the following equation (see 
Fig. 1(a)):
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When i = 1 or 2, all atoms exist on the surface; when i = 3, 
only one atom exists inside, and the surface atom ratio is 
8/9, which is approximately 90 %. With an increase in i, the 
surface atom ratio Ri decreases; however, for i < 10, the 
surface atom ratio and surface energy are still high, as 
shown in Fig. 1(b), which displays the relationship be-
tween i and Ri. The particle size was calculated; because 
the atomic radius is 0.124 nm, the particle is not stable, and 
is formed as a cluster. When particle growth reaches i > 10, 
the surface atom ratio is smaller than 50 %, cubic particle- 
surface energy is reduced, and the cubic particle is “stable” 
as a nanoparticle.

Another example of the effect of the particle diameter on 
the surface molecular structure is shown in the surface sila-
nol structure of alkoxide-derived silica particles, which 
was determined using FT-IR, as shown in Fig. 2(a) 
(Kamiya et al., 2000). The spectrum peak of free silanol at 
3750 cm–1 decreased with increasing particle diameter and 
disappeared, and almost all the silanol was hydrogen- 
bonded when the particle size reached 260 nm. This change 
in the silanol group structure may be related to the distance 
between the neighbouring silanol groups, as shown in 
Fig. 2(b).

The estimated distance between the O and H atoms of 
the neighbouring silanol groups increased with decreasing 
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Total number of atoms 1 23 = 8 33 = 27 43 = 64 53 = 125

Number of surface atoms 1 8 33 – 1 = 26 43 − 23 =  56 53 − 33   =   99

Ratio of surface atoms, Ri [ % ] 100 100 26/27 =  96.2 87.5 79.2
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Fig. 1 Estimated effect of simple cubic particle size on surface atom 
ratio. (a) Conceptual diagram and table for calculation of surface atom 
ratio. (b) Relationship between number of atoms per one side and sur-
face atom ratio estimated by Eqn. (1).
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particle diameter. This difference in the surface molecular 
structure affects the reaction density of the silane coupling 
agent on the silica surface. Because of the large distance 
between the O and H atoms and the low surface silanol 
density of the nanoparticles, the amount of chemisorbed 
silane coupling agent per unit surface area on the nanopar-
ticles (30 nm in diameter) was lower than that on the fine 
particles (200 nm in diameter), as shown in Fig. 3 (Iijima et 
al., 2007).

2.2 Simultaneous design of nanoparticle synthesis 
and dispersion in nonpolar solvent

Using a metal oleate complex as the raw material, oleyl-
group surface-modified nanoparticles were synthesised in a 
nonpolar solvent under high temperature and pressure 
conditions. The synthesised nanoparticles were dispersed 
and stabilised in a nonpolar solvent and self-assembled to 
form a close-packed structure via the coating and drying 
process using the nanoparticle suspension by Park et al. 
(2004). The size and shape of nanoparticles could be con-
trolled by varying the synthesis conditions. In the normal 
hydrothermal synthesis process, oleic-group surface- 
modified nanoparticles were synthesised by adding an  
organic surfactant with an oleic chain. For example, the 
particle size and morphology of titanium oxide (Dinh et al., 
2009) and iron oxide (Cara et al., 2015) nanoparticles were 
controlled by adding different ratios of oleic acid and oleic 
amine in the hydrothermal process. The synthesis of 
nanoparticles in the presence of oleic acid and amine en-
abled control of the particle structure and functional be-
haviours of metal, metal oxide, and sulphide nanoparticles. 
This method has been detailed in review articles by 

Mourdikoudis et al. (2022).
Oleic-group modified nanoparticles are effective for 

dispersion stability in nonpolar solvents such as toluene. 
However, if the solution properties are changed by a small 
amount of a hydrophilic solvent, such as methanol, the 
dispersion stability decreases and nanoparticle aggregation 
is promoted. To obtain nanoparticles dispersed in a poly-
mer composite, a hydrophilic polymer resin monomer was 
added to nanoparticles dispersed in a nonpolar solvent. 
Because of the change in solvent polarity, white turbidity 
due to nanoparticle aggregation was observed. If the sol-
vent, solution, or matrix solid selected for application can-
not maintain dispersion stability with oleic-group modified 
nanoparticles, the following two approaches may be used:

1) Development of ligand molecular-structure design 
for dispersion in various solvent and solid materials.

2) Ligand exchange to change in surface-modified  
molecular structure from the synthesis process used 
to obtain the optimum surface organic structure for 
dispersion in different solvents and solid matrix.

The details of each approach will be introduced in the 
following sections.

2.3 Development of ligand-structure design for 
dispersion of nanoparticles in various solvents

To select organic ligands to disperse nanoparticles in the 
target solvent, the optimum organic chain in the ligand 
should be selected and synthesised; however, the theory for 
optimum ligand selection has not yet been completed. To 
disperse nanoparticles in various organic solvents, various 
commercial ligands and surfactants with different molecu-
lar structures, including hydrophilic and hydrophobic 
groups in one molecule, were added to the nanoparticle 
suspension. Iijima et al. (2009) discovered the optimum 
surfactant by examining the stability of each dispersion, as 
shown in Fig. 4(a). This surfactant included PEG and a 
hydrocarbon chain in the molecule. Titanium-oxide 
nanoparticles modified with this surfactant were dispersed 
in various solvents, ranging from methanol to toluene. 
Furthermore, ligand-modified TiO2 nanoparticles were 
dispersed in a PMMA resin, and this polymer composite 
exhibited shape-memory properties against temperature 
changes.

Because this ligand has an anionic phosphonic group for 
adsorption on nanoparticles, metal-oxide nanoparticles, 
such as titanium and aluminium oxide, can be dispersed in 
various solvents by the adsorption of this ligand. However, 
noble-metal nanoparticles, such as gold and silver, as well 
as silica nanoparticles, cannot disperse in solvents without 
the adsorption of these ligands. A two-step adsorption 
method was developed in which a polymer dispersant with 
amine groups, such as polyethyleneimine, is first adsorbed, 
followed by ligand adsorption (Iijima and Kamiya, 2010). 
Because amine polymer dispersants have multiple cationic 
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amino groups in one molecule, the nanoparticle surface is 
positively charged, and the anionic ligand can be adsorbed. 
Using the two-step adsorption process, gold, silver, and 
silica nanoparticles were universally dispersed in various 
solvents. For application in conductive and antistatic poly-
mers, surface-modified silver nanoparticles using this pro-
cess were attached and distributed on aramid nanofibers 
(ANFs). Because the ANFs formed aggregates, surface- 
modified silver nanoparticles promoted the uniform disper-
sion of ANFs, as shown in Fig. 5 (Iijima and Kamiya, 
2015). The surface-modified silver nanoparticles coated 
with ANFs were uniformly distributed in the epoxy resin.

The number of organic molecules on the surface in-
creased owing to multilayer adsorption, and the final con-
centration of organic compounds in the inorganic 

nanoparticles reached approximately 10–30 wt% because 
of the high specific surface area of the nanoparticles. Fur-
thermore, the dispersed suspension and composite turned 
yellow because the commercial ligand contained impuri-
ties.

To reduce the concentration of organic compounds in the 
surface-modified nanoparticles as well as impurities in the 
ligand, Iijima et al. (2009) synthesised various ligands 
based on the clarification of which structure in the commer-
cial ligand, shown in Fig. 4(a), contributes to universal 
dispersibility in various solvents. Finally, they discovered 
the serial structure of simple alkyl and PEG chains for the 
universal dispersibility of nanoparticles in various sol-
vents, as shown in Fig. 4(b) (Okada et al., 2018a). By puri-
fying each ligand-synthesis process, the yellow colour 
disappeared. For silica and noble-metal nanoparticles that 
could not be adsorbed by phosphonic groups, ligands with 
amino groups as the adsorbing group were synthesised and 
adsorbed on each nanoparticle (Maeta et al., 2018). Using 
the characterisation method for adsorption strength de-
scribed later, the adsorbed group was selected for different 
nanoparticle materials, and the optimum ligand for disper-
sion in various solvents was synthesised.

2.4 Ligand exchange for various applications
Because the adsorbed strength of the exchanged ligand 

must be higher than that of the ligand during the synthesis 
process, characterisation of the adsorbed strength of the li-
gand for the nanoparticle materials is important (Zeininger 
et al., 2016). Examples of adsorption groups for inorganic 

Before AgNP modification          A�er AgNP modification

Fig. 5 SEM and TEM observation of aramid nanofiber before and after 
surface modification of silver nanoparticle, AgNP, with surface treat-
ment. Adapted with permission from Ref. (Iijima and Kamiya, 2015). 
Copyright (2015) Elsevier B.V.
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nanoparticles are shown in Fig. 6. By combining one ad-
sorptive group with a modified organic chain structure, a 
designed ligand is synthesised for the dispersion of 
nanoparticles. The optimal modified organic chain struc-
ture for the final dispersion in solvents and solids should be 
combined with the strongest adsorption group.

One characterisation method for the adsorption strength 
is a simple visual method, and the other is an instrumental 
method using NMR. A visual observation method was ap-
plied by utilising the properties of a mixed solvent of cyclo-
hexane and methanol, which were separated at room 
temperature and uniformly mixed at temperatures higher 
than 40 °C. For example, as shown in Fig. 7, the first li-
gands combined with a hydrophilic organic chain with a 
PEG group and catechol were adsorbed onto iron-oxide 
nanoparticles (Okada et al., 2018b). The two phases were 
separated, and the surface-modified iron-oxide nanoparti-
cles were dispersed in methanol. Upon heating to 40 °C, 
the two solvents were mixed uniformly and a second ligand 
with an oleyl chain and phosphite group was added to the 
suspension. Finally, the suspension was cooled to room 
temperature for 3 h, and the two solvents were separated. 
Because oleic ligands with phosphite groups were ex-

changed on the surface of iron oxide, the nanoparticles 
were dispersed into the upper phase, a hydrophobic sol-
vent. Based on this result, we determined that the phosphite 
group had a higher adsorption strength compared with cat-
echol for the iron-oxide nanoparticles. This method was 
applied to different combinations of organic chains and 
adsorbed groups, and the ranking of adsorption strength 
was determined for each nanoparticle material.

The second method using NMR is also a popular method 
for observing ligand exchanges. Compared to the NMR 
signal of the free dissolved ligand in the solvent, the NMR 
peak of the adsorbed ligand on the nanoparticles was 
broadened (Aiello et al., 2021; Hens et al., 2013; Schechtel 
et al., 2019; Yamashita et al., 2021). Different ligands were 
added to the suspension, and the ligands with broadened 
peaks exhibited higher adsorption strengths. This method 
required the synthesis of high-purity ligands with uniform 
molecular structures.

Recently, crown ether-associated ligands with different 
salts led to the stripping of oleic acid on Fe3O4 nanoparti-
cles, which were used during the nanoparticle-synthesis 
process, and different ligands could be re-grafted onto the 
nanoparticles (Shirmardi Shaghasemi et al., 2017). If 
crown ethers have the same function for stripping different 
ligands from nanoparticles, this approach may be applied 
to ligand exchange on various nanoparticles.

2.5 Analysis of dispersion mechanism and 
advanced behaviours of surface-modified 
nanoparticles

The detailed mechanism describing why the above- 
described oleyl, alkyl-PEG chain structures exhibited dis-
persion stability of nanoparticles in nonpolar or various 
solvents are not clear. Various approaches, such as a ther-
modynamic analysis of the effect of the organic chain 
structure (branched or linear) and a molecular-dynamics 
simulation of the adsorbed ligand structure on the nanopar-
ticle surface, have been proposed (Elimelech et al., 2022; 
Saito et al., 2021; Yang et al., 2016). The action mecha-
nisms of each ligand were elucidated by combining various 
analyses and simulation methods. Yamashita et al. (2022) 
discovered an attracting phenomenon, which was the tem-
perature dependence of the dispersion behaviour of surface- 
modified nanoparticles in solvents. This phenomenon was 
similar to the solubility of the molecules in the solvent, and 
the dispersibility of the nanoparticles increased with in-
creasing temperature. The boundary temperature between 
aggregation and dispersion depended on the molecular- 
chain length and ligand structure. For a simple straight  
alkyl chain in the ligand, the optimum chain length for 
maintaining dispersion over a wide temperature range is 
shown in Fig. 8. The range of optimum chain lengths for 
dispersion over a wide temperature range appeared to de-
pend on the particle diameter and material.
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Challenges arise in promoting the application of surface- 
modified nanoparticles in liquids, some of which are  
summarised in Table 1. First, the critical particle-solid 
concentration in suspensions with high fluidity is consider-
ably lower than that in submicron-particle suspensions. In 
the field of fine-ceramic processing, the critical solid frac-
tion of submicron-particle suspensions is higher than 
60 vol%; however, the critical concentration of nanoparticle  
suspensions is approximately 30 vol%.

Another problem is that the surface-modified organic li-
gand mass fraction is approximately 20–30 % of that of the 
nanoparticles to ensure complete coverage of the nanopar-
ticle surface, owing to the high specific surface area. Li-
gand molecules are similar in size to the nanoparticles. 
From a different perspective, surface-modified inorganic 
nanoparticles are almost considered organic–inorganic 
composite materials. After coating silicon oligomer on sil-
ica nanoparticles in an aqueous suspension, additional sili-
con oligomer was added to the suspension, which was 
polymerised, and coated on the base; thus, silicone sheets 
with dispersed silica nanoparticles were prepared by Iijima 
et al. (2013). This composite sheet was considerably more 
flexible than a silicone sheet without a silica-nanoparticle 
dispersion, and adding other functional nanoparticles is 
simple. New applications for silicon with optical and elec-
trical functional properties are expected.

3. Characterisation of aggregation and 
adhesion behaviour and control of 
submicron-sized fine particles in liquid 
and gas phases

Submicron fine particles and microcapsules with diame-
ters larger than 100 nm have been used as raw materials 
and products in various fields, such as ceramics, batteries, 
pigments, pharmaceuticals, and cosmetics. The characteri-
sation of the aggregation and adhesion behaviour of these 
particles and their control in the liquid and gas phases are 
also important for the development of each application 
field. In the energy generation and environmental fields, 
ash adhesion and growth phenomena at high temperatures 
are important for the stable operation of coal, biomass and 
waste combustion, and gasification processes. Direct char-
acterisation methods for the surface interactions between 
particles and materials have been developed using various 
original methods in the gas and liquid phases.  
Surface-modification and structure-design methods have 
also been developed for the control of surface interactions 
based on the characterisation and analysis of surface inter-
actions. In this section, the characterisation and analysis 
methods for surface interactions in the liquid and gas 
phases are reviewed.

3.1 Characterisation of surface interactions 
between particles, microcapsules, and various 
substrates in the liquid phase using colloid 
probe AFM

3.1.1 Ceramics processing
In the fine-ceramic preparation process, the raw materi-

als of fine particles are dispersed in water or organic sol-
vents, and a suspension with high fluidity and solid 
concentrations higher than 50 vol% is prepared. Foamed 
powder bodies are obtained via a shaping process, such as 
coating and drying, or drying/granulation followed by dry 
pressing the powder into a mould and applying cold iso-
static pressing. The final ceramic materials are then pre-
pared by sintering. To obtain a high-fluidity suspension 
with a high solid content, the surface interaction between 
fine particles is generally controlled using a polymer dis-
persant. The particles are larger than 100 nm in diameter, 
and the van der Waals forces start to act at a surface dis-
tance of several nanometres. This surface distance  

Table 1 Summary of key challenges for nanoparticle applications.

Subject Main application fields Example of solutions, approaches

Low solid content in fluid suspension Advanced ceramics, polymer composite 
for functional materials

Small molecules for surface modification

High organic content caused by high 
surface area

Polymer composite, ceramics and 
functional sensor

Pre-coating by monomer or oligomer of 
polymer source, decreasing before sintering

High surface reaction activity Composite, catalyst, DDS Surface coating and treatment

C6P C8P C10P C12P C14P C16P C18P

5 ℃ 

Aggregation

Dispersion

P
O

HO
HO

Carbon length

Fig. 8 Relationship between mean particle diameter determined by 
DLS and carbon length in ligand at temperature ranging from 5 to 55 ℃. 
Adapted with permission from Ref. (Yamashita et al., 2022). Copyright 
(2022) Wiley.
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decreases with decreasing particle size. For the dispersion 
of submicron particles, the molecular weight of the poly-
mer dispersant is approximately 10,000 g/mol, which is 
larger than that of the ligand for the nanoparticles (Kamiya 
et al., 1999).

Colloid probe AFM has been applied to characterise the 
change in interaction owing to various surface modifica-
tions to analyse the action mechanism and determine the 
optimum condition of the polymer dispersant structure and 
surface modification, such as silane coupling agents or thi-
ols. An example of a colloid probe is shown in Fig. 9, 
where a fine spherical particle attached to the top of a 
commercially available tip was prepared for AFM. A sys-
tem combining a high-resolution optical video system and 
micromanipulator was also developed for probe fabrication 
by Kamiya et al. (2006). Preparing a fine particle probe 
with a size smaller than 1 μm by optical microscope is dif-
ficult; therefore, a spherical particle of several micrometres 
was prepared using spray drying granulation and sintering 
(Fig. 9(a), Iijima et al., 2007) or coating nanoparticles on 
spherical resin particles via a mechanical compounding 
method (Hanada et al., 2013). By using colloidal probes 
with different materials, the effect of the polymer structure 
and silane coupling surface-modification conditions on the 
surface interaction between particles and dispersion be-
haviour in suspensions has been discussed for aqueous 
solutions and organic solvents (Mori et al., 2016).

Polymer dispersants are generally used to increase the 
fluidity of slurries by dispersing fine-particle aggregates. In 
the case of cast moulding of slurries, shape-retention 
agents are used to provide strength to the formed bodies. 
Recently, a new functional polymer was discovered, which 
acts as a dispersant during slurry preparation, followed by 
time-dependent gelation to maintain the shape of the 
formed bodies (Yang et al., 2013). The action mechanism 
of this polymer over time was discussed using the colloidal 
probe AFM method (Yamamoto et al., 2019).

3.1.2 Pharmaceutical application
To characterise the interfacial structure and properties of 

microcapsules for drug-delivery systems, a colloid probe or 
substrate was prepared from a granule of microcapsules, 
and surface interactions were measured via probe AFM in 
aqueous solutions with different pH conditions. For exam-
ple, microcapsules with modified pH-sensitive gel surfaces 
have been used in oral-delivery medicine. Under the acidic 
conditions in the stomach, the pH-sensitive surface gel 
shrank and protected the incorporated peptide drug. Under 
the neutral pH conditions in the small intestine, the pH- 
sensitive gel swelled and released the peptide drug. Using 
the colloidal probe AFM method (Iijima et al., 2008), the 
surface interaction between the microcapsule and mucin- 
layer substrate was determined under different aqueous pH 
conditions. The mucin layer that formed on the mica sur-
face mimicked the mucosa of the small intestine and stom-
ach. A long-range adhesive force was measured at neutral 
pH owing to the swollen surface of the pH-sensitive gel, 
and the microcapsule remained in the small intestine. Un-
der low-acidic pH conditions, a short-range attractive force 
was detected because the surface gel layer shrank and had 
a rigid structure. Furthermore, using carbon-nanotube 
probe AFM, the interaction between chitosan-modified li-
posome capsules and the mucin layer under different pH 
conditions was investigated (Yamamoto et al., 2018).

3.1.3 Surface-nanostructure control for toner and 
cosmetic applications

To improve the image quality of electronic copying, a 
mechanical surface-treatment technology for a surface- 
modified silica nanoparticle-coated toner was developed, 
and the adhesion force was determined using colloid probe 
AFM (Tanaka et al., 2008a). The surface structure was 
characterised by the fractal dimension, and the relationship 
between the adhesion force of the toner and the fractal di-
mension was determined using colloid probe AFM (Tanaka 
et al., 2008b). Experiments confirmed that the inclusion of 
the silica nanoparticles increased the fractal dimension and 
reduced the adhesion force.

The effect of surface-adhered nanoparticles and 
nanoporous structures on particle–particle interactions was 
investigated using colloid probe AFM for cosmetic appli-
cations. The adhered nanoparticles decreased cosmetic 
particle–particle interactions. With the nanoporous struc-
ture, the formation of liquid bridges was enhanced; thus, 
the adhesion force did not increase with humidity (Kani et 
al., 2007).

3.2 Fine-particle adhesion-behaviour 
characterisation under high-temperature 
conditions

For the inorganic-compound properties in the  
pulverised-coal combustion process, the target temperature 
range was higher than 1500 °C because the viscosity of 
molten ash is important. However, because ash deposition 

a b

Fig. 9 SEM observation of colloid probe prepared by different meth-
ods. (a) Spray dried and sintered granule probe, adapted with permission 
from Ref. (Iijima et al., 2007). Copyright (2007) Elsevier B.V. (b) Car-
bon nanoparticle coating on spherical resin particle by mechanical pro-
cess, adapted with permission from Ref. (Hanada et al., 2013). Copyright 
(2013) Elsevier B.V.
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occurred on the surface of the superheater and heat ex-
changer, and dust was collected by a ceramic filter, the tar-
get temperature was lower than 1000 °C. Thus, it was 
necessary to characterise the adhesion properties of solid 
ash particles.

Two methods have been developed to characterise the 
adhesion force at high temperatures of up to 1000 °C. One 
method is the measurement of a direct single-particle adhe-
sion force, which uses the same method as the AFM force 
curve. Another method is the powder-bed strength method. 
The main targets were ash particles generated during coal, 
biomass and waste combustion, and gasification processes.

3.2.1 Interaction-measurement system between a 
single ash particle and substrate

A schematic of the adhesion-force measurement system 
is shown in Fig. 10 (Gao et al., 2020). A single ash particle 
that adhered to the top of a pure alumina rod was pressed 
onto a substrate prepared from a superheater material on a 
high-purity quartz glass leaf spring. A small area of the ash 
particles and substrate was heated to 900 °C using an infra-
red condensing heater. The compression force was mea-
sured by the displacement at the top of the leaf spring. As it 
reached the maximum compression value, a single ash 
turned and reduced the compression force, as shown in 
Fig. 10. The movement of the alumina rod was controlled 
by a high-resolution linear motor. If an adhesion force 
acted between the ash and substrate, the leaf spring warped 

to the tension side. When the tensile force of the leaf spring 
balanced the adhesion force between the ash particle and 
the substrate, the ash particle separated from the substrate 
surface. The maximum tensile force was determined to be 
the adhesion force.

The adhesion force was measured at different high tem-
peratures and maximum compression forces, and the re-
sults of the relationship between the maximum compression 
and adhesion force at different temperatures is shown in 
Fig. 11. When the temperature increased to 900 °C, the 
adhesion force increased with an increase in the maximum 
compression force. At 750 °C and 850 °C, the adhesion 
force was similar for different maximum compression 
forces. It appears that plastic deformation at the contact 
point increased the adhesion force at 900 °C; this was ana-
lysed using Hertz’s deformation theory at the contact point. 
A fitting line was obtained using this theory, as shown in 
Fig. 11.

3.2.2 Powder-bed method
Using the principle of a room-temperature measuring 

device, a split-type tensile-strength tester of powder beds 
for high temperatures was developed, and the schematic of 
the measurement device is shown in Fig. 12(a) (Kamiya et 
al., 2002a). Fused silica glass with a low thermal- 
expansion coefficient was used as the material for the sus-
pended cell for measurements at high temperatures. Be-
cause the metal cell has a higher thermal-expansion 
coefficient than that of an inorganic powder bed, the pow-
der bed breaks owing to the thermal expansion of the cell at 
elevated temperatures. The tensile strengths of the ashes, 
coal, biomass, and waste increased sharply at a particular 
temperature, depending on the ash. An increase in the  
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adhesion force at high temperatures has been shown to 
cause various problems in different plants.

Tensile stress was applied to the ash layer on the sub-
strate metal surface to measure the surface interaction be-
tween the ash powder bed and the surface of the superheater 
and/or heat-transfer tube (Liu et al., 2023). However, mea-
suring strength by creating a fracture surface between the 
metal surface and ash powder layer is difficult. As the fluid 
flows inside the superheater and heat exchanger, the tem-
perature from the inside to the surface changes in a com-
plex manner, as shown in Fig. 12(b) (Aoki et al., 2020; 
2022). The temperature distribution was reproduced by air 
at a controlled flow rate under a metal plate. The shear 
strength between the ash layer and metal surface and the 
corrosion behaviour of the metal surface by the ash layer at 
high temperatures were also observed under different tem-
perature distributions.

3.2.3 Analysis and control of ash adhesion behaviour 
at high temperatures

The increase in the adhesion force at high temperatures 
has been attributed to the formation of a small amount of 
liquid phase from low-melting-point eutectic compounds. 
To observe liquid-phase formation, the ash particles were 
observed at the high-temperature heating stage using a field 
emission scanning electron microscope (FE-SEM). How-
ever, because the generated liquid phase was volatilised 
under high-vacuum conditions in the FE-SEM, analysing 
the elements in the generated liquid phase was difficult. 
Therefore, after recording the observation image and 
ash-sample coordinates under a high vacuum, the ash sam-
ples were moved to a separate chamber under high-vacuum 
conditions and crossed the threshold to the FE-SEM, as 

shown in Fig. 13 (Tsukada et al., 2003). Air was introduced 
into the chamber to raise the pressure to a normal value, 
and the ash samples were heated in an infrared condensing 
furnace to a predetermined temperature. After being cooled 
to room temperature under high-vacuum conditions in the 
chamber, the ash samples were returned to the FE-SEM, 
and the morphology change was observed before and after 
the heat treatment. As an example, Fig. 14 shows the re-
sults of the observations of the pulverised coal combustion 
ash (Horiguchi et al., 2018). Before and after the heat 
treatment, morphological changes due to liquid-phase for-
mation were observed in some parts. Using energy- 
dispersive X-ray spectroscopy at the deformed parts, a high 
content of alkali metal and aluminium was confirmed, and 
low-temperature melting based on thermodynamic calcula-
tions was discussed. In the case of sewage slag ash, the 
phosphate content in the morphologically changed part was 
higher than that in the other unchanged parts, and the phos-
phate generated a low-melting-point eutectic phase with 
other elements.

a
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Fig. 12 Principle of measurement system for tensile and shear strength 
of powder bed. (a) Tensile strength tester of powder bed, adapted with 
permission from Ref. (Kamiya et al., 2002a). Copyright (2002) Ameri-
can Chemical Society. (b) Shear strength test at interface between pow-
der bed and metal, adapted with permission from Ref. (Aoki et al.,2020). 
Copyright (2020) American Chemical Society.
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3.2.4 Model of ash preparation from pure fine 
particles and discussion on adhesion-increase 
mechanism

Combustion ash includes many types of elemental com-
ponents; therefore, analysing the increase mechanism of 
the ash adhesion force at high temperatures is difficult. 
With the development of the abovementioned devices for 
measurement and analysis, a model of an ash synthesis 
method from fine pure silica particles was developed by 
adding the estimated elements to increase the adhesion 
force at high temperatures. First, for pulverised coal com-
bustion ash, a small amount of alkali metal, sodium or po-
tassium, and oxalate aqueous solution were added to fine 
pure silica particles, followed by a heat treatment, grinding, 
and the classification of the modelled ash (Kamiya et al., 
2002b). The tensile strength of the modelled ash beds was 
determined at different temperatures, ranging from room 
temperature to 900 °C. The increase in tensile strength of a 
real combustion ash bed was almost reproduced by the 
modelled ash, as shown in Fig. 15. The low-melting-point 
eutectic phase of silica and alkali metal was responsible for 
the increase in high-temperature adhesion. Based on this 
result, a similar method was applied to synthesise the mod-
elled ash from waste- and biomass-combustion ash, such as 
sewage sludge, in which phosphorus was added to pure 
silica particles (Gao and Kamiya, 2020; Horiguchi et al., 
2021a).

3.2.5 Ash adhesion-behaviour control at high 
temperatures

To solve the ash-adhesion problem and problems with 
the superheater and heat exchanger, various additives, such 
as kaolinite and dolomite for coal and biomass combustion 
(Duchesne et al., 2017), and iron oxide for sewage-sludge 
combustion, have been investigated to prevent ash deposi-

tion and reduce ash-layer growth in combustion plants 
(Horiguchi et al., 2021a). The changes in the liquid- and 
slag-phase formation temperature owing to composition 
were discussed using thermodynamic calculations to anal-
yse the adhesion-behaviour control mechanism via the ad-
dition of various materials. The scientific selection of 
optimum additives to control ash behaviour has progressed 
with the development of characterisation and analysis 
methods.

Recent reports have shown that the addition of alumina 
nanoparticles effectively reduced the tensile strength of the 
ash powder layer (Gao et al., 2019; Horiguchi et al., 2018, 
2022). All cases of the real and modified model of coal, 
biomass and waste combustion ash showed that the addi-
tion of alumina nanoparticles controlled the tensile strength 
of the particle layer at high temperatures. Because alumina 
nanoparticles have high reactivity, the addition of nanopar-
ticles chemically suppressed the formation of a low- 
melting-point eutectic phase. Furthermore, nanoparticle 
addition increased the porosity ratio of the ash-particle 
layer by forming porous aggregates between the ash parti-
cles. By increasing the liquid-phase formation temperature 
using chemical reactions and the physical suppression of 
the packing behaviour of the ash layer, the addition of 
nanoparticles controlled the tensile strength of the ash layer 
at high temperatures.

The increase mechanism of ash adhesion at high tem-
peratures was estimated using liquid- and slag-phase for-
mation and the liquid-bridge force of the small amount of 
generated slag. However, the adhesion increase at rela-
tively lower temperatures (below 500 °C) was observed 
using pure calcium carbonate fine particles. In this tem-
perature range, liquid- and slag-phase formation and sinter-
ing with volume changes were not observed (Horiguchi et 
al., 2021b). Therefore, investigating the mechanism of the 
adhesion force and developing adhesion-behaviour control 
technology are necessary.

4. Conclusion
Molecular and nanometre-scale surface-structure de-

signs of particles were reviewed from the perspective of 
controlling the adhesion and aggregation of nanoscale and 
fine particles in gas and liquid. These control methods are 
indispensable for realising the various functions of nanopar-
ticles and fine particles. However, real situations were im-
plemented based on empirical knowledge; thus, developing 
scientific approaches for controlling adhesion and aggrega-
tion is necessary. With the recent development of mass 
production and cost reduction for various nanoparticles, the 
interface structure design of nanoparticles has also been 
developed. This is expected to establish a systematic  
interface-structure design method that can handle various 
combinations of particle characteristics, such as size, 
shape, materials, surface structure, and the matrix of the 

Pure fused SiO2
 Dp50=6.0µm

( COOK )･H2O or
( COONa ) solution

Mixing
Drying
Grinding
Sieving

Fig. 15 Effect of temperature on tensile strength of real fly ash and 
model synthesised ash powder bed. Adapted with permission from Ref. 
(Kamiya et al., 2002b). Copyright (2002) American Chemical Society.

https://doi.org/10.14356/kona.2025010


Hidehiro Kamiya / KONA Powder and Particle Journal No. 42 (2025) 3–14 Review Paper

13

solid and solvent that disperse the nanoparticles. There are 
many challenges related to the practical use of functional 
nanoparticles, such as increasing the solid content in solu-
tion and reducing the number of adsorbed ligands. How-
ever, the development of fundamental research for 
interface-structure design will overcome these barriers. 
The control of fine-particle behaviour, such as high- 
temperature adhesion and the interaction between organic/
inorganic solid particles, microcapsules, and biomolecules, 
is also important for applying powder technology in vari-
ous industrial fields, such as energy generation, environ-
mental systems, and medical and health industries.
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Numerical modelling offers the opportunity to better understand, predict, and 
optimise the behaviours of industrial systems, and thus provides a powerful 
means of improving efficiency, productivity and sustainability. However, the 
accurate modelling of industrial-scale particulate and particle–fluid systems 
is, due to the complex nature of such systems, highly challenging. This 
challenge arises primarily from three factors: the lack of a universally 
accepted continuum model for particulate media; the computational expense 
of discrete particle simulations; and the difficulty of imaging industrial-scale 
systems to obtain validation data. In recent years, however, advances in 
software, hardware, theoretical understanding, and imaging technology have 
all combined to the point where, in many cases, these challenges are now 
surmountable—though some distance remains to be travelled. In this review 
paper, we provide an overview of the most promising solutions to the issues 
highlighted above, discussing also the major strengths and limitations of 
each.
Keywords: discrete element method, two fluid model, kinetic theory of 
granular flows, coarse graining, particle tracking, tomography

1. Introduction
The handling and processing of particulate solids is of 

central importance to myriad processes in diverse indus-
tries, including (but by no means limited to) the chemical, 
defense, food, green energy, and pharmaceutical sectors 
(Seville et al., 2012). Indeed, particulate media are in-
volved in the production of more than 50 % of all goods 
sold worldwide (Blais et al., 2019). Despite their ubiquity, 
however, the mechanics of particulate solids remain poorly 
understood compared to ‘classical’ solids, liquids and 
gases. This lack of understanding manifests itself in indus-
try in many negative manners, spanning numerous unit 
operations, be it the woeful energy-efficiency of processes 
such as milling (Holmberg et al., 2017), the tendency of 
hoppers and feeders to become ‘jammed’ (Schulze, 2014), 
or the highly unpredictable nature of mixing and segrega-
tion between non-identical species of particles 
(Windows-Yule et al., 2015). If we wish to reduce waste, 

increase efficiency, and in general develop more robust and 
sustainable manufacturing methods, we must improve our 
understanding of particulate media. In industrial processes 
involving fluids, a digital, ‘Industry 4.0’ approach to the 
optimisation of industrial equipment has already been 
widely adopted thanks to the wide availability of user- 
friendly computational fluid dynamics (CFD) software, 
and the ability of CFD to efficiently numerically model the 
flow dynamics of large, pilot/industrial-scale systems. The 
adoption of such digital approaches has been significantly 
slower for particulate media, however. There are several 
reasons underlying this slow adoption, but most can be 
traced back to the complexity of particulate materials, 
meaning that—to date—there does not exist a universally 
accepted particulate equivalent to the Navier–Stokes equa-
tions, and thus few commercially available, generalisable, 
“plug and play” CFD equivalents capable of (accurately) 
modelling industrial scale systems.

There are currently two main approaches to the model-
ling of industrial particle-handling systems: the discrete 
element method (DEM), which models all particles within 
a system as individual, discrete objects, and the kinetic 
theory of granular flows (KTGF), which takes a continuum 
approach similar to CFD, but solves equations that have 
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been modified to represent particulate or multiphase flows1. 
A brief overview of each technique is provided in Sections 
2 and 3. Each of these techniques suffers from its own 
distinct limitations. DEM has been widely shown to facili-
tate the quantitatively accurate simulation of particulate 
systems (Coetzee, 2017), but in its standard form is highly 
computationally demanding (Golshan et al., 2023). KTGF 
simulations are significantly more efficient, but the model-
ling assumptions required to describe a discrete, particulate 
system as a continuous medium make calibration and 
(thus) quantitative accuracy much more challenging to 
achieve.

Nonetheless, in recent years, improvements in hardware, 
software, and the development of new theoretical models 
mean that the tractable, accurate modelling of industrial 
systems is achievable—albeit with some limitations and 
caveats. In this review article, we provide an overview of 
the most promising contemporary methods for modelling 
industrial-scale particulate systems, highlighting their indi-
vidual strengths and weaknesses, and summarising import-
ant recent developments.

2. Discrete methods
2.1 Overview of the discrete element method 

(DEM)
The discrete element method is currently the most com-

mon method for the numerical modelling of particulate 
systems. Though its efficient implementation can be highly 
challenging, the underlying concept of DEM is exceed-
ingly simple: each individual particle within a given system 
is modelled as a distinct computational object, and assigned 
all the relevant properties of a ‘real’ particle—i.e. a position 
in space, a mass, a size, a friction coefficient etc. Each 
simulated particle within a DEM simulation is also subject 
to the relevant forces one may expect in a ‘real’ system, 
most notably gravity, and relevant ‘contact forces’ experi-
enced during collisions with other objects. By coupling 
DEM with CFD, drag and other fluid forces may also be 
simulated (El Geitani et al., 2023). The sum of these forces 
may be used to predict the net force acting on a given par-
ticle at a given point in time (see Fig. 1), and from this and 
the particle’s known mass, the instantaneous acceleration 
acting upon it. This, in turn, may be used to predict the ve-
locity, and thus position, of the particle at some future point 
in time (assuming that the ‘timestep’ between this future 
point and the present point in time is small enough that the 
particle experiences no significant change in acceleration).

By repeating the above process again and again—effec-
tively stepping through time in pseudo-infinitesimal incre-
ments—one may thus simulate the motion of a system of 

particles. By tuning the relevant parameters (friction coeffi-
cients, restitution coefficients, cohesive properties...) used 
to represent the interactions between particles, this simu-
lated motion can be brought into quantitative alignment 
with the dynamics of the real system being modelled 
(Windows-Yule et al., 2016; Windows-Yule and Neveu, 
2022)2. A significant shortcoming of the discrete element 
method, however, is its computational expense. Unlike 
CFD, each individual particle within a system must be indi-
vidually modelled, meaning that the time required to run a 
simulation increases sharply with the number, N, of parti-
cles being simulated. Indeed, even with a highly optimised 
DEM engine, computation time can be expected to scale as 
N log N (Thompson et al., 2022). This shortcoming typi-
cally hampers efforts to simulate industrial-scale systems. 
In the following sections, we discuss some of the main 
ways in which this issue may be circumvented. It should be 
noted that the above provides only a rather crude overview 
of DEM. A more detailed yet still accessible introduction to 
the discrete element method can be found in Chapter 4 of 
reference (Rosato and Windows-Yule, 2020), and a deeper 
dive in reference (Luding, 2008).

2.2 Parallelisation and GPU acceleration
As discussed in the preceding section, the computational 

expense of a simulation—that is to say, the required num-
ber of CPU (central processing unit) operations required to 
simulate a system—increases monotonically with the 
number of particles, N, simulated. As each operation takes 
a finite time to perform, this means that, for simulations run 
on a single CPU core, the time required to run a simulation 

2 The calibration of numerical simulations is a complex field in its own 
right, and has been the subject of several recent review articles 
(Ketterhagen and Wassgren, 2022; Windows-Yule and Neveu, 2022) and 
as such will not be discussed in detail here.

1 While these are certainly not the only available methods, they are decid-
edly the most commonly-applied, and thus will form the focus of this 
review.

Fig. 1 A schematic illustration of two interacting DEM particles. Par-
ticle i is subject to a gravitational force 

g
F

�

 

 

[1] 

 proportional to its mass mi, 
and a contact force Fji due to contact with a second particle j. The net 
force Fi acting on the particle is used to predict its position and velocity 
at the next point in time. Reproduced with permission from (Rosato and 
Windows-Yule, 2020).
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increases with time. One of the simplest methods through 
which to reduce the time required is thus simply to split this 
effort across multiple CPUs—a process known as ‘parallel-
isation’ (Sawley and Cleary, 1999). Like DEM itself, the 
implementation of a parallelisation strategy may be com-
plex, but the strategy itself is conceptually very simple: the 
computational volume is subdivided into two or more dis-
tinct regions (see e.g. Fig. 2) and each region is assigned its 
own CPU, which only performs operations for particles 
falling within said region. Thus, for a perfectly implemented 
parallelisation strategy, a simulation using two CPU cores 
might be expected to run in half the time of an equivalent 
‘serial’ simulation, a simulation parallelised across 4 cores 
in a quarter of the time, and so on. With access to a suitable 
high-performance computing (HPC) system, one may hy-
pothetically speed up a simulation hundreds or even thou-
sands of times, and thus simulate numbers of particles 
which would be simply unfeasible using a single CPU.

In reality, however, such ‘linear’ speed-up is not easy (or, 
in absolute terms, possible) to achieve for several reasons. 
Firstly, to achieve linear speed-up, the computational load 

must be balanced equally across all processors, meaning 
that the individual domains into which the computational 
volume is divided must be sensibly chosen. For example, in 
Fig. 2, the division shown in the top-most panel (which 
exploits the uniformity of the system along the axial direc-
tion) is significantly more efficient than that shown in the 
middle panel, where the lower domain contains many more 
particles than the upper domain. In the bottom panel, we 
see that one of the processors is entirely unused, making 
this an exceedingly inefficient configuration—yet one that 
is often accidentally used by DEM practitioners who leave 
their parallelisation schemes on default settings! In recent 
years, however, the use of ‘dynamic load balancing’ algo-
rithms—which, as their name suggests, automatically opti-
mise the spread of computational load across processors 
—have become increasingly common (Golshan and Blais, 
2021; Yan and Regueiro, 2018). As such, in the future, this 
particular problem is likely to be less frequently encoun-
tered. Dynamic load balancing schemes, unlike ‘manual’ 
methods, also allow the distribution of processor power to 
be adjusted during simulation, allowing for even greater 
efficiency savings.

The second major issue to consider when parallelizing 
DEM is that a finite ‘overlap’ or ‘communication region’ 
must exist between all adjacent domains3 allowing infor-
mation (e.g. contacts between particles) from one domain 
to be passed to another. It is this restriction which ulti-
mately provides an upper bound on the degree of speed-up 
which may be achieved through parallelisation: if a simula-
tion is ‘sliced too thinly’—for example if the width of a 
domain is smaller than the width of a particle—then no 
speed-up can be achieved (indeed the simulation may even 
become slower due to the increased overheads of such a 
scheme (Eibl and Rüde, 2019)).

In addition to CPU processing, the past decade has seen 
a considerable rise in interest in the use of GPU (graphics 
processing unit) computation in DEM (Fang et al., 2021; 
Govender et al., 2014; Lisjak et al., 2018; Lu, 2022; 
Spellings et al., 2017; Steuben et al., 2016; Wang et al., 
2021). Though the development of GPUs has been largely 
driven by the desire for improved 3D graphics in the gam-
ing and film industries (Das and Deka, 2016), their innate 
capability to efficiently perform highly-parallelised com-
putations makes them well suited to the speed-up of DEM 
simulations (Govender et al., 2014).

The advent of GPU computing has not only helped to 
increase the number of particles that can realistically be 
simulated on a single PC (as opposed to the HPC clusters 
required for large-scale parallel CPU computations), but 
has also played a role in overcoming another major limita-
tion of DEM—the difficulty of (efficiently) modelling 
aspherical particles (Govender et al., 2014; Spellings et al., 
2017; Wang et al., 2021), which are all but ubiquitous in 
industry. The computational complexity of detecting  

3 It is for this reason that perfectly linear scaling is never fully possible in 
the parallelisation of DEM simulations, though for well-chosen schemes 
may come very close (Markauskas and Kačeniauskas, 2015).

Fig. 2 Examples of possible parallelisation schemes for a simulated 
rotating drum (Herald et al., 2022).
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collisions between simulated particles is significantly 
higher for aspherical particles than for simple spheres, 
meaning that historically a majority of DEM practitioners 
have preferentially used the latter, even when attempting to 
model the former. While under certain conditions the mod-
elling of aspherical particles as spheres can produce quan-
titatively accurate results (Che et al., 2023a), this is not 
always the case, especially when considering denser pack-
ings and/or more elongated, ‘needle-like’ particles (Rhodes, 
2008). Recently developed GPU-accelerated codes capable 
of modelling particles with arbitrary polyhedral geometries 
(Govender et al., 2014; 2015) thus represent a significant 
step toward the simulation of truly representative industrial 
systems.

It is important to note that, even with recent advances in 
both DEM software and computer hardware, DEM simula-
tions are still typically limited to billions of particles 
(Kosaku et al., 2021), whereas in industrial systems the re-
quired numbers may easily reach the trillions or quadril-
lions. As such, the methods described here are often used in 
conjunction with other methods, notably the coarse-grain-
ing technique introduced in the next section.

For example, the MFIX-Exa Exascale Computing Proj-
ect (ECP) (Musser et al., 2022) is currently developing a 
CFD–DEM architecture for future “exascale” supercom-
puters—i.e. capable of executing 1018 operations per sec-
ond—for high-fidelity simulations of multiphase systems 
specifically targeted at carbon capture and storage. MFIX-
Exa is based on the AMReX (Zhang et al., 2021b) software 
framework, which provides the data structures and iterators 
to enable massively parallel simulation, and allows simula-
tions to be run using Nvidia, AMD, and Intel hardware. 
Using MFIX-Exa, a simulation of a pilot-scale 50 kW 
chemical looping reactor involving 5 billion particles and 
2.5 billion fluid cells has been run on the Frontier super-
computer on 62,000 GPUs, with each GPU processing 
14,080 stream processors and 128 GB of memory.

2.2.1 Pros and cons
The most notable benefit of accelerating DEM simula-

tions through hardware and parallelisation alone is that—
unlike for the coarse-graining method discussed in Section 
2.3 and the continuum methods described in Section 3—
the system is still simulated at full resolution (i.e. all parti-
cles are directly, individually modelled). As such, this 
technique does not require the introduction of additional 
modelling assumptions, and in most cases the calibration 
parameters used to develop the system have real, physical 
meaning.

A major drawback to these methods is that significant 
speed-up requires access to significant computational re-
sources. The inherent costs associated with acquiring and 
maintaining the necessary hardware are thus likely to price 
many smaller companies out of the market. That said, the 

rise of on-demand cloud computing platforms such as 
AWS, Microsoft Azure, Google Cloud Platform etc. has, to 
an extent, lowered this barrier, and will likely continue to 
do so over the coming years and decades.

A second issue with fully resolved DEM simulations is 
that, with current hardware, we can still ‘only’ simulate of 
the order of billions of particles, yet in industry one may 
easily reach the trillions or even quadrillions. While, in the 
long term, these numbers will inevitably improve in lock-
step with the advancement of computer hardware, in the 
shorter term, if we wish to simulate such systems, then 
parallelisation and GPU acceleration can only form part of 
the solution, and must be used in combination with some of 
the other techniques discussed below.

2.3 Coarse-grained DEM (CG or CDEM)
As discussed in the preceding sections, the time—or, 

more specifically, the processor time—required to perform 
a given simulation increases monotonically with the num-
ber of particles to be simulated. As such, if we are able to 
represent multiple particles with a single ‘pseudo-particle’ 
then the computational expense of said simulation will 
naturally decrease. This is the underlying principle of the 
coarse-graining technique which lumps several distinct 
particles into a single ‘coarse grain’ or ‘computational par-
ticle’ (Patankar and Joseph, 2001).

All CG techniques available in the literature consider 
particles within a parcel to have the same properties and 
velocities—i.e. there can be no gradients within a parcel. In 
this way, CG is somewhat similar to continuum methods 
such as the two-fluid model (discussed in Section 3), where 
no gradients of particle properties (velocity, temperature 
et.) are allowed within a cell. Due to this similarity, the 
term ‘coarse graining’ is also widely employed to describe 
the post-processing of DEM data to represent continuum 
fields (Goldhirsch, 2010; Weinhart et al., 2012), or the 
smoothing of discrete data to be transferred to CFD for the 
calculation drag correlations in coupled CFD–DEM simu-
lations (Che et al., 2021; Labra et al., 2013). As can be seen 
from Fig. 3, in recent years there has been a seemingly ex-
ponential increase in the number of papers published con-
cerning coarse-graining, which is likely related to an 
increased interest in the use of DEM to simulate industrial 
systems (Di Renzo et al., 2021).

A coarse-grained pseudo-particle is typically character-
ised by the number, W, of particles represented by each 
cluster, and the coarse-graining ratio, λ = dcg/d, where d is 
the (linear) size of a ‘normal’ particle and dcg is that of a 
coarse-grained parcel of such particles, where λ3 = W. It is 
typically assumed that the mass and volume of a coarse 
grain are equal to the sum of the masses and volumes of the 
constituent particles. Even in a publication where the par-
cel is assumed to have a non-zero void fraction for dilute 
flows (Lu et al., 2014), this void fraction is considered to 
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tend to zero at packing. Though the assumption of a parti-
cle packing with zero void fraction is obviously unphysical 
for all except a very small subset of particle geometries and 
system conditions, said assumption allows the user to keep 
the same initial bed weight and height in coarse-grained 
DEM (CDEM) that would be expected in conventional 
DEM.

As one may intuitively expect, the physical properties of 
a coarse-grained pseudo particle do not necessarily have a 
one-to-one mapping to those of their constituent particles. 
Notably, one must typically lower the restitution coefficient 
as energy dissipation in a particulate system is a function of 
particle number density, which by definition decreased 
when the size of particles is increased (Benyahia and 
Galvin, 2010; Lu et al., 2014). There exist numerous scal-

ing laws through which authors have attempted to relate the 
properties of individual particles to their CG equivalents. 
Perhaps the most commonly used is that of Sakai (Sakai, 
2016) in which all forces are scaled by λ3, thus providing 
the same overlap for the parcel and real particle, as well as 
the same spring constant, restitution coefficient, and fric-
tion coefficients. Where the Sakai method ensures a con-
stant absolute overlap between parcel and particle, the 
approach of Queteschiner et al. (2018b) instead ensures the 
same relative overlap by scaling the spring constant by λ. 
There exist also a number of other scaling approaches, see 
for example (Che et al., 2023b; de Munck et al., 2023; 
Kishida et al., 2021; Kushimoto et al., 2021; Nasato et al., 
2015; Sakai, 2016; Zhang et al., 2021a), including ap-
proaches for modelling cohesive particles (Chen and 
Elliott, 2020; Nasato et al., 2015; Sakai et al., 2012), sys-
tems in which liquid bridges are present (Chan and 
Washino, 2018; Zhang et al., 2021a), aspherical particles 
(Zhou et al., 2022) and even heat and mass transfer (Lu et 
al., 2017b)—matters of considerable importance in many 
industrial processes. Interestingly, recent comparative stud-
ies have found a surprising lack of differentiation between 
simulations employing different coarse-graining models 
(Che et al., 2023b; de Munck et al., 2023); however, both 
studies used fluidised beds as their benchmarking systems. 
Since, in these systems, particle dynamics are largely dom-
inated by drag effects as opposed to particle–particle inter-
actions, it is unclear whether the same degree of similarity 
could be expected in denser systems, and in particular  
single-phase particulate systems.

As alluded to at the start of this section, all particles 
forming a CG parcel must possess the same properties 

Fig. 3 Number of indexed articles published per year concerning 
coarse-grained DEM. Image reproduced from reference (Di Renzo et 
al., 2021).

M2:
Same Size Parcel

Efficient for computa�on

Original System

M1:
Same Sta�s�c Weight

Same PSD is maintained

Fig. 4 Simple schematic depicting the two methods for the coarse-graining of polydisperse systems described in the main text. Adapted with permis-
sion from Ref. (Lu et al., 2018). Copyright: (2018) Elsevier Ltd.
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—including particle size. As such, when coarse-graining 
highly polydisperse systems (as are commonly found in 
industry) one must determine a suitable manner in which to 
represent the particle size distribution (PSD). There are two 
main ways to do so: the same statistical weight (SSW) 
method, in which the same number of particles are included 
in parcels corresponding to each size fraction, and the same 
size parcel (SSP) method in which (as the name implies) 
the size of the particles is instead kept constant. These 
methods are depicted schematically in Fig. 4. While the 
latter method is naturally more efficient, it is arguable that 
the former provides a more ‘realistic’ representation of the 
original PSD, and in some cases produces greater accuracy 
(Lu et al., 2018).

A notable limitation of the CG method is that in certain 
systems with heterogeneous geometries (e.g. hoppers 
(Coetzee, 2019)), coarsening cannot be conducted in the 
whole geometry due to flow restrictions. In such cases, it 
has been shown possible to locally refine CDEM back to 
DEM, or simply to a lower level of coarse-graining (De et 
al., 2022; Queteschiner et al., 2018a, 2018b).

Due to the different assumptions in CDEM, it is import-
ant to validate this method against data obtained with both 
finer DEM methods and experiments (discussed in further 
detail in Section 4). One can envision a series of validation 
studies by first comparing the simulation results of CDEM 
and DEM. Differences between the two simulation results 
can be quantified as uncertainties (UQ) due to the 
coarse-graining assumption. The UQ analysis can be ex-
tended to DEM simulation data through comparison with 
resolved DEM and/or DNS (dependent on the nature of the 
system studied) to quantify errors due to the assumed forms 
of fluid–particle interaction terms. Finally, the resolved 
DEM/DNS data can be compared with small-scale well- 
instrumented experimental setups where the experimental 
errors are carefully quantified. There exist limited exam-
ples of such a ‘cascading series’ of UQ missing in the liter-
ature due to the inherent complexity of conducting such 
numerical simulations and experiments for many different 
scenarios. Nevertheless, many attempts to validate CDEM 
with both finer DEM and experimental data are available in 
the literature.

Mori et al. (2019) compared bed height and pressure 
drop in a small-scale experimental dense fluidised bed of 
0.05 m diameter using a factor λ of between 5 and 10.

Oyedeji et al. (2022) validated CDEM for biomass 
(corn) pyrolysis reactions in a small-scale reactor of 0.15 m 
diameter with a coarsening factor W = 10 and 20, and at 
this low level of coarsening (real particles were already 
coarse), the results showed simulation data within a few 
percent of experimental pyrolysis reaction yields.

Zhou and Zhao (2021) conducted CDEM simulations of 
a small-scale fluidised bed with an immersed tube with λ up 
to 3 which resulted in up to two orders of magnitude simu-

lation speed-up for the discrete phase (the fluid solver re-
quired significant CPU effort and is not included in this 
comparison). Obvious agreement of bed expansion height 
and pressure drop reported as these are roughly equal to the 
weight of the bed, however noticeable disagreement was 
observed for the velocity profiles for different coarsening 
levels as compared with finer DEM results.

Wang and Shen (2022) studied biomass gasification in a 
small-scale dense fluidised bed reactor of 0.05 m diameter. 
CDEM results were validated against both finer DEM sim-
ulations and experimental data for CG ratios λ = 2, 3, with 
an order of magnitude speed-up of obtained by using 
CDEM.

A study of a small-scale gas-particle cyclone separator 
for monodisperse particles of 0.5 mm diameter using λ = 4 
was conducted recently by Napolitano et al. (2022). The 
numerical results were observed to degrade with increasing 
λ, likely due to the small number of parcels used.

Sakai et al. (2014) validated CDEM in a small-scale flu-
idised bed where good agreement of bed height and pres-
sure drop were obtained with for λ = 5. This study and 
many others in the literature compared only the bed height 
and pressure drop, commonly measured experimentally, 
indicating a good agreement because the weight of the bed 
and the drag laws are usually sufficiently accurate for flui-
dised beds. Less accuracy is usually observed for quantities 
that are affected by collisions, such as particle velocity and 
granular energy.

Lungu et al. (2022) conducted a validation study of 
CDEM in a small-scale fluidised bed containing large 
3 mm particles with values of λ up to 2. Their results 
showed little sensitivity of simulation time to λ due to the 
small number of parcels used, which is usually an indica-
tion that the fluid solver is taking most of the CPU time. In 
fact, many cases in the literature that compare CDEM to 
finer DEM results use a small system with a relatively 
small number of particles so that a DEM simulation can be 
conducted. These simulations are not able to validate 
CDEM for a large parcel-to-particle ratio. Such results 
provide a useful cautionary tale for researchers—it is im-
portant to know whether the computational costs of your 
simulation are dominated by the particle phase or the fluid 
phase. If the latter, the application of coarse-graining may 
degrade one’s results whilst not achieving any significant 
speed-up!

Takabatake et al. (2018) compared CDEM and DEM 
results in a small-scale spouted bed using λ values of 2 and 
3, achieving respectively a factor of 8- and 30-times 
speed-up, while maintaining similar mixing patterns to 
those obtained in resolved DEM simulations.

Coetzee (2017) found that while λ values of up to 9 can 
be used to accurately model dynamic angles of repose in a 
medium-scale rotating drum as long as the drum-to-particle 
diameter ratio is above 25, hoppers showed a much  
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stronger dependence on the scaling factor, with hopper 
discharge only being reasonably predicted for λ values up 
to 1.3. However, λ = 1.3 still provided a decrease in compu-
tational time by a factor of 3.2, showing both the usefulness 
and care required in using CDEM.

Cai and Zhao (2020) conducted a validation study of 
CDEM in a small-scale drum and conical mixer with λ = 3 
and obtained reasonable agreements for mixing time and 
power consumption whilst achieving a speed-up of almost 
two orders of magnitude.

Other small-scale CDEM simulations have demon-
strated the validity of this technique in powder die-filling 
using λ = 3 (Widartiningsih et al., 2020), and for a dry 
powder inhaler where only fine particles were coarsened 
(Liu et al., 2021).

Most recently, Che et al. (2023b) applied values of λ up 
to 30 to a laboratory-scale fluidised bed of Geldart group B 
particles, providing detailed comparison both to lower de-
grees of coarse graining (due to the number of particles in 
the system, fully resolved DEM was not computationally 
tractable) as well as experimental data obtained using pos-
itron emission particle tracking (Windows-Yule et al., 
2020; 2022a). It was found that values of λ up to ~20 still 
produced good agreement with experimental data, despite 
the comparatively small size of the system and the rigorous 
validation methods implemented.

As is evident from the above-discussed studies, the ma-
jority of existing studies have focused on smaller laboratory- 
scale systems, as opposed to larger-scale flow systems of 
greater interest to industry. One reason underlying the lack 
of industrial-scale studies may be the difficulty in obtaining 
accurate experimental data in large systems, which makes 
such data less available in the literature. This issue—and 
potential solutions to it—are discussed in Section 4. Nev-
ertheless, some such studies do exist. Work by Lu et al. 
(2017a) and Lu and Benyahia (2018a) has included the 
simulation of pilot-scale catalytic crackers and regenera-
tors, methanol to olefin reactors, and rare-earth elements 
solid-liquid extractors, none of which could feasibly have 
been simulated using resolved (non-coarse-grained) DEM.

Stroh et al. (2018) studied a pilot-scale circulating flui-
dised bed carbonator of approximately 0.6 m diameter and 
9 m height during stable operation by CDEM, using a 
coarsening factor λ = 60. Reasonable comparison between 
simulation and the available experimental data of pressure 
drop and CO2 absorption rate was obtained. The same 
group later studied a smaller (0.2 m diameter, 3 m height) 
cold-flow circulating fluidised bed, this time instrumenting 
the system with a capacitance probe to allow more detailed 
experimental validation.

Nikolopoulos et al. (2017) compared the performance of 
CDEM and two-fluid model (TFM—see Section 3) ap-
proaches for a 1 MWth pilot-scale fluidised bed carbonator 
of 0.6 m diameter and 8.7 m height. The CDEM approach 

compared well with experimental pressure-drop data, 
whilst also achieving a reasonable computation time, simi-
lar to the TFM simulation.

Hu et al. (2019) conducted CDEM simulations of a  
medium-scale (0.22 m width by 2 m height) fluidised bed 
coal gasifier in the bubbling regime with λ = 5. Their re-
sults were compared to both previously published TFM and 
experimental results, demonstrating a good degree of accu-
racy.

In 2019, a medium-scale biomass gasification reactor of 
1.3 m height with a diameter varying from 0.08 to 0.2 m 
CDEM study was pursued by Ostermeier et al. (2019b) 
who also provided a nice summary of the different CFD 
approaches to model biomass gasification in fluidised bed 
reactors. Large values of λ up to 50 were used to represent 
the finest particles due to consideration of the wide PSD of 
sand and biomass particles. This level of coarsening al-
lowed the authors to validate the technique over a long 
range of operating hours, and found good agreement with 
available experimental data of bed pressure and tempera-
ture as well as chemical products of the gasification reac-
tions.

Prior authors have already conducted CDEM simula-
tions of industrial-scale gas–particle cyclone separators 
(Chu et al., 2016, 2022; Ji et al., 2018). In the 2022 work of 
Chu et al. (2022), the models used could accurately predict 
the cyclone efficiency and the formation of ribbons of par-
ticles in the cyclone.

2.4 Pros and cons
In summary, the past two decades of research have 

demonstrated the ability of CDEM to tackle complex,  
industrially relevant problems in chemical engineering. 
CDEM can provide solutions with almost any computer 
resources available to the engineer, ranging from a desktop 
computer to the most powerful supercomputers, and still 
produce a good representation of the systems being mod-
elled. The main challenge at present regarding CDEM is 
the lack of consensus regarding the mapping of the proper-
ties of ‘true’ particles to those of coarse-grained ‘meso- 
particles’. More research is also necessary to evaluate the 
uncertainties associated with the coarsening assumption 
keeping in mind that DEM solutions are available for UQ 
analysis (Lu and Benyahia, 2018b).

2.5 Mapping-based extrapolation
Perhaps the most recent development in the speed-up of 

discrete particle simulations is the ‘mapping-based extrap-
olation’ technique, originally developed by Bednarek et al. 
(2019). Mapping-based extrapolation techniques exploit 
the pseudo-periodic behaviour of processes. The periodic 
time is a process-inherent variable and does not depend on 
any DEM parameters. The period is several orders of  
magnitude larger than the DEM integration time steps. 
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Examples of a process period could be one rotation of 
mixing blade, or the time between refills of a twin-screw 
feeder.

The method uses two simulation states taken at time 
points t0 and t1. These two points represent, respectively, 
the start and end points of the periodic time (or an integer 
multiple of periods). Fig. 5 shows a sketch of the mapping- 
based extrapolation. The numbers in the figure pertain to 
the following key steps of the algorithm:
1. The trajectory of particle #1 from t0 to t1 is known from 

the simulation states. However, the particle did not leave 
the system at t1 (continuous process) or the process has 
not ended at t1 (batch process).

2. Although the exact trajectory of particle #1 after t1 is not 
known, it makes intuitive sense that it will be very simi-
lar to a particle that started at a similar position at t0.

3. A neighbour search finds that particle #4 has a similar 
starting position where particle #1 ended.

4. The extrapolated trajectory of particle #1 uses the data 
for particle #4. This process is repeated until the particle 
leaves the system (continuous process) or the process 
duration has been reached (batch process).
The exact mapping procedure depends on the applica-

tion. If the goal is to only extrapolate the trajectories of a 
subset of particles (e.g. tracer particles for a virtual spike 
experiment to characterise the residence time distribution), 
the mapping procedure is a nearest-neighbour search 
(Siegmann et al., 2021). However, if the goal is to extrapo-
late all particle positions, it makes sense to invest computa-
tional time in a bijective4 mapping function that minimises 
the average mapping error (i.e. the distance between the 
particles at t1 and their mapping partners at t0).

As a relatively young technique, mapping-based extrap-

olation does not have the same extensive back catalogue of 
example applications as coarse-graining, but nonetheless 
has demonstrated some success in the limited number of 
papers produced to date, accelerating DEM models of 
conical screw mixers (Jadidi et al., 2022), continuous 
blenders (Moreno-Benito et al., 2022), and tablet press feed 
frames (Forgber et al., 2022). The applications are not 
limited to DEM simulations, but can also be extended to 
other particle-based methods such as smoothed particle 
hydrodynamics (SPH), for example, in the accelerated 
modelling of twin screw extrusion processes (Bauer and 
Khinast, 2022; Bauer et al., 2022; Matić et al., 2023).

One hard requirement for mapping-based extrapolation 
is the existence of pseudo-periodic process behaviour. For 
example, the discharge of a twin-screw feeder from maxi-
mum to minimum fill level is an inherently transient pro-
cess and will never reach some kind of pseudo-periodicity: 
the fill level in the hopper of the feeder is constantly de-
creasing and causes constantly changing flow patterns 
(Toson and Khinast, 2019). Thus, mapping-based extrapo-
lation is not able to speed up the prediction of the discharge 
process. However, if periodic refills at the same fill level 
are considered, mapping-based extrapolation can predict, 
for example, the washout of old material over multiple re-
fills (Toson and Khinast, 2019).

A soft requirement for the successful application of the 
technique is the presence of dense flows in the process, as 
such flows offer multiple (good) mapping partners for each 
particle. The mapping error is then in the order of one par-
ticle radius (Siegmann et al., 2021). It is speculated that 
mapping-based extrapolation could be applied to more di-
lute flows at the expense of accuracy (Bednarek et al., 
2019), though there are currently no examples in literature 
to either support or disprove this. In addition, if the dilute 
particle flow is caused by interaction with air (e.g. in flui-
dised beds), it is generally a better idea to use the air flow 
field for extrapolation (Lichtenegger, 2020; Lichtenegger 
and Miethlinger, 2020; Lichtenegger and Pirker, 2020).

Fig. 5 Schematic overview of a mapping-based extrapolation algorithm. Image reproduced from Ref. (Siegmann et al., 2021). Copyright: (2021) 
Elsevier B.V.

4 Bijective mapping means that each particle in time step t1 has exactly one 
mapping target at t0, and that each particle at t0 is referenced by exactly 
one particle from t1. This optimised mapping function can then be used for 
all mapping steps and does not need ad-hoc neighbor searches in each 
mapping step.
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2.5.1 Pros and cons
The main benefit of the mapping-based extrapolation 

method is that it allows significant speed-up yet, unlike 
coarse-graining methods, is still ‘fully resolved’—i.e. par-
ticles can be modelled at their true size, and calibrated us-
ing their ‘real’ properties. As such, for processes involving 
dense particle flows, the technique has been shown to facil-
itate high-accuracy simulations. It can also be applied to 
other particle-based methods such as SPH, thus allowing 
the acceleration of fluid simulations in a similar manner. 
The main drawbacks of the technique are that it is not suit-
able for transient (i.e. non-periodically-repeating) pro-
cesses and is currently untested for more dilute flows.

2.5.2 Recurrence CFD
It is worth, at the end of this section, briefly mentioning 

the existence of another technique—recurrence CFD 
(rCFD)—which provides another approach not dissimilar 
to the technique discussed above, though for fluid-phase 
(as opposed to particle) simulations. As the main focus of 
this work is on the particulate phase, we will not discuss 
rCFD in detail here, but rather point the reviewer to some 
useful references, namely (Lichtenegger et al., 2017; 
Lichtenegger and Pirker, 2016).

3. Continuum methods
As has been made abundantly clear in the preceding 

sections, the main limitation of discrete methods for the 
simulation of industrial-scale particulate systems is the 
computational expense of modelling each distinct particle 
individually. This problem can be overcome by instead 
modelling particulate media as continua, much as CFD 
does not consider the individual molecules forming a fluid. 
There are two crucial differences between particulate me-
dia and ‘classical’ fluids, however, that make the construc-
tion of a continuum formulation more complex:
I. Particulate media do not possess a reference equilibrium 

state.
II. Their temporal and spatial scales are not well sepa-

rated—that is to say the scales of the dynamics of the 
individual particles are comparable to those of the bulk 
medium.
As put succinctly by the great Isaac Goldhirsch at the 

turn of the millennium, “the notion of a hydrodynamic or 
macroscopic description of granular materials is based on 
unsafe grounds and it requires further study” (Goldhirsch, 
1999). Since then, much ‘further study’ has indeed been 
conducted, to the point that accurate continuum models of 
diverse industrial systems can be found in the literature.

While continuum models exist for both pure particulate 
systems and multiphase particle–fluid systems, the vast 
majority of (successful) industrial-scale studies have been 
performed with the latter, and as such for the present re-
view we focus on the two-phase case.

The Eulerian–Eulerian Two-Fluid Model (TFM) treats 
both the liquid and solid phases as continua that can fully 
interpenetrate one another. When it comes to simulating the 
flow of particulate media, the remaining challenge is to 
develop closure laws for determining solid flow parame-
ters, such as dynamic/bulk viscosities, particle pressure, 
and interfacial momentum transfer in multi-sized systems. 
The Kinetic Theory of Granular Flow (KTGF) has been 
developed for this purpose. TFM has a lower computa-
tional cost compared to (CFD–)DEM and other  
frequently used approaches for granular flow modeling 
and, as a result, are better suited for simulating industrial- 
scale applications.

It is worth prefacing the remainder of this section with 
the warning that the TFM and the KTGF are unavoidably 
mathematical, and as such any description thereof which 
does not include the relevant equations is inevitably some-
what vague and ‘hand-waving’. That said, a full under-
standing of the methods themselves is not necessary to the 
purposes of the present review article. As such, for brevity 
(and so as not to be off-putting to the casual reader) we will 
provide in the main text only the ‘hand-waving’ explana-
tion, but include as supplementary material a more com-
plete, mathematical description.

Key publications introducing the theories of TFM and 
KTGF can be found in references (Anderson and Jackson, 
1967; Bishop, 1975; Ding and Gidaspow, 1990; Karlsson et 
al., 2009; Liu et al., 2017; Zhou et al., 2010) and 
(Brilliantov et al., 2004; Ding and Gidaspow, 1990; Iddir 
and Arastoopour, 2005; Jenkins and Savage, 1983; Karlsson 
et al., 2009; Lun et al., 1984; Rao et al., 2008; Savage and 
Jeffrey, 1981; Schaeffer, 1987), respectively. Although 
these theories are well-established, there are numerous 
variations in the formulations, taking into account factors 
such as elasticity (Lun et al., 1984), particle size distribu-
tion (Liu et al., 2022), and particle types (Iddir and 
Arastoopour, 2005), among others. Consequently, the de-
scriptions of TFM and KTGF are not unique.

The role of the KTGF is to formulate the stresses associ-
ated with particulate-phase flow. It is an extension of the 
classical kinetic theory of gases (Fowler, 1939) adapted for 
dense particulate flows. Initially, the kinetic theory was 
developed by Chapman and Cowling (Fowler, 1939) for 
gases to predict the behaviour of mass point molecules with 
conserved interaction energies. About three decades ago, 
this theory was extended to particulate flow, where interac-
tions between particles are not conserved. Savage and 
Jeffrey (1981) were among the first to apply the kinetic 
theory to rapidly deforming materials in the (relatively 
simple) form of smooth, hard, spherical particles. In this 
theory, the fluctuation energy of particles is described by 
introducing the concept of a ‘granular temperature’, analo-
gous to thermodynamic temperature for gases. Though 
different researchers consider different definitions of the 
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granular temperature (Goldhirsch, 2008), in the current 
context we adopt the most common (and indeed literal) 
definition as the ensemble average of the square of parti-
cles’ fluctuating velocities. Having introduced a granular 
analogue for temperature, one must also develop expres-
sions for granular pressure, bulk viscosity, shear viscosity, 
frictional shear viscosity, and diverse other terms (Lun et 
al., 1984; Johnson and Jackson, 1987; Schaeffer, 1987). 
Examples of these expressions can be found in the Supple-
mentary Material.

The granular pressure represents the particle phase nor-
mal force caused by the particle–particle interactions. Its 
description, based on the kinetic theory of granular flow, 
was developed by Jenkins and Savage (1983) and Lun et al. 
(1984). The bulk viscosity is a measure for the resistance of 
a fluid against compression. It is obvious that the impor-
tance of the bulk viscosity depends strongly on the velocity 
gradients. In a fluidised bed, the bulk viscosity and the 
shear viscosity are of the same order of magnitude, and 
hence the bulk viscosity should not be neglected, as can be 
done when simulating Newtonian fluids. While the granu-
lar pressure and bulk viscosity describe normal forces, the 
shear viscosity accounts for the tangential forces. It was 
shown by Lun et al. (1984) that it is possible to combine 
different inter-particle forces and use a momentum balance 
similar to that of a true continuous fluid. In similarity to the 
particle pressure, a particle shear viscosity can also be de-
rived from the kinetic theory.

While continuum models have been shown capable of 
simulating various particulate systems, including rotating 
drums (Schlick et al., 2015) and free-surface flows 
(Chassagne et al., 2020), the majority of industry-relevant 
studies have concerned two-phase flows, and in particular 
fluidised beds—including circulating fluidised beds (Liu et 
al., 2021), tapered fluidised beds (Khodabandehlou et al., 
2018; Liu H. et al., 2017; Liu X. et al., 2019), spray coaters 
(Shuyan et al., 2010; Srčič et al., 2013), spouted beds 
(Gryczka et al., 2009; Moliner et al., 2019) and bubbling 
beds (Lungu et al., 2021; Nikolopoulos et al., 2017; 
Ostermeier et al., 2019a; Xi et al., 2021), as well as being 
used to study jet behaviour (Chen and Wang, 2014).

A number of recent studies have also focused specifi-
cally on the comparison of CFD–DEM and TFM models 
(Chen and Wang, 2014; Moliner et al., 2019; Lungu et al., 
2021; Ostermeier et al., 2019a). While in general—as one 
may expect—CFD–DEM models are generally found to 
provide stronger agreement with experimental baseline 
data than TFM, TFM models are found in many (though 
not all) cases to provide reasonable agreement with experi-
ment. Perhaps surprisingly, some specific aspects of system 
behaviour are, in some cases, better captured by TFM than 
CFD–DEM (Chen and Wang, 2014; Lungu et al., 2021), 
though overall agreement in the cited cases remains stron-
ger for CFD–DEM.

3.1 Pros and cons
TFM is typically—though (dependent on system size 

and other factors) not always (Moliner et al., 2019)—the 
most computationally efficient of all the methods discussed 
thus far. However, as is evident from the preceding section, 
TFM simulations are typically less accurate than equiva-
lent CFD–DEM simulations, though in many cases can still 
provide reasonable agreement with experimental data. As 
is also evident from the above, the models require a signifi-
cantly larger number of modelling assumptions than either 
fully resolved or coarse-grained DEM simulations, and the 
existence of many competing theories makes the choice of 
the correct model somewhat challenging.

4. Validation of models via industrial-scale 
imaging

As touched upon above, one of the most significant (and 
often-overlooked) problems with the application of numer-
ical models of particulate systems is the lack of rigorous 
calibration and validation (Windows-Yule et al., 2016). 
While the matter of calibration has been addressed in detail 
in recent reviews (Ketterhagen and Wassgren, 2022; 
Windows-Yule and Neveu, 2022), the matter of valida-
tion—and in particular the validation of simulations con-
cerning industrial-scale systems—has received less 
attention.

The most rigorous validation of particulate systems is 
typically performed through comparison with experimental 
imaging data. At the laboratory scale, simulation models 
can be rigorously and (relatively) easily validated through 
comparison with comparatively cheap and readily avail-
able, optical methods such as particle imaging velocimetry 
(PIV) and particle tracking velocimetry (PTV) (Marigo and 
Stitt, 2015; Shirsath et al., 2015; Weber et al., 2019; 2021), 
see e.g. Fig. 6. At the industrial scale, however, this be-
comes still more challenging due to the fact that in most 
cases industrial systems are a) large and b) optically 
opaque.

The issue of opacity can be overcome by a variety of 
techniques, including X-ray tomography (CT) (Wang et al., 
2004; 2007), radioactive particle tracking (RPT) (Roy, 
2017), positron emission particle tracking (PEPT) 
(Windows-Yule et al., 2020), magnetic resonance imaging 
(MRI) (Gladden and Alexander, 1996), electrical capaci-
tance, impedance or resistivity tomography (ECT/EIT/
ERT5) (Wang, 2015), or magnetic particle tracking (MPT) 
(Neuwirth et al., 2013). An introductory summary of each 
of these techniques can be found in Chapter 4 of 
(Windows-Yule et al., 2022b). However, of these imaging 
techniques, many are still not suitable for industrial  
imaging. The small bore size of MRI systems, for example, 
5 For the sake of this article, where the focus is not a deep analysis of the 
techniques discussed, we will refer to this group of techniques simply as 
‘EXT’.
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combined with the fact that most industrial systems are 
metal-clad, makes this technique largely unsuitable (Elkins 
and Alley, 2007).

The requirement of MPT for strongly magnetic tracer 
particles (Buist et al., 2014) again means that it cannot be 
realistically used in systems containing (or constructed 
from) ferrous or other magnetic materials, thus again limit-
ing its industrial value. Even in nonmagnetic systems, the 
tracers used for imaging are typically of millimetre size, 
making them unsuitable for representing a wide variety of 
industry-relevant particles, which (in the chemical and 
pharmaceutical sectors in particular) tend to be closer to the 
micron scale.

X-ray CT is widely used in industrial applications (De 
Chiffre et al., 2014) and, as commercially available sys-
tems become able to use higher-energy X-rays (Sun et al., 
2022), it can be used to image increasingly thick, dense 
targets. However, its primary use in industry is for metrol-
ogy, and the imaging of individual parts (Sun et al., 2012), 
as opposed to imaging the dynamics of active industrial 
systems—though that is not to say that it has not found 
certain valuable applications, for example studying fluid 
flow in porous media (Bultreys et al., 2016), or studying 
morphological changes in batteries (Finegan et al., 2016). 
However, despite significant recent improvements in the 
acquisition rate of X-ray CT systems (Withers et al., 2021), 
and in particular the very impressive capabilities of syn-

chrotron systems (Dewanckele et al., 2020) and lab-scale 
systems (Maire and Withers, 2014), the temporal resolution 
offered by current, commercially-available industrial scan-
ners still remains too low to meaningfully capture the rapid 
flows exhibited by many industrial particle-handling sys-
tems (Zwanenburg et al., 2021). The requirement for X-ray 
CT systems to be entirely shielded also means that their use 
for the in situ imaging of real industrial processes remains 
challenging.

Following from the above, we are left with three tech-
niques which can realistically be applied to the in situ im-
aging of a reasonably wide range of industrial particle 
handling systems: EXT, RPT, and PEPT. All three tech-
niques carry the advantages of being able to penetrate 
metal-walled systems, image comparatively large systems, 
and having suitably high temporal resolution to capture the 
dynamics of rapid granular flows. All three techniques can 
also be applied using a modular array of detector devices 
(Wang, 2015), allowing the imaging of large systems with 
complex geometries. Each technique, however, also carries 
its own distinct strengths and weaknesses. In the following 
paragraphs, we will briefly summarise these strengths and 
weaknesses in the specific context of industrial imaging 
and the validation of numerical models, provide an  
overview of the types of systems which can (and cannot) be 
successfully imaged, and highlight recent developments in 
the relevant fields.

Fig. 6 An example of the use of optical data for the validation of DEM simulations for a laboratory-scale rotating drum. Image reproduced from Ref. 
(Marigo and Stitt, 2015) under the terms of the CC-BY 4.0 license. Copyright: (2015) The Authors, published by Hosokawa Powder Technology Foun-
dation.
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4.1 Electrical tomography
EXT techniques operate, in simple terms, by transmit-

ting an electrical signal through a given system of interest, 
which is then received by an array of detectors (electrodes) 
placed strategically around the system. By analysing the 
intensity of the signals received by each part of the sensor 
array, various system properties can be back-computed 
(Scott and McCann, 2005). A previous KONA review pa-
per providing an more detailed yet still accessible introduc-
tion to electrical tomography techniques can be found in 
reference (Rasteiro et al., 2011). EXT is already widely 
used for the imaging of a wide range of industrial systems 
and unit operations, including pipes (Dong et al., 2003), 
storage vessels (Kowalski et al., 2010), mixers (Holden et 
al., 1998), reactors (Bolton and Primrose, 2005), cyclones 
(Meng et al., 2008). Indeed, EXT methods can realistically 
be applied to almost any system physically resembling a 
pipe or tank (Rasteiro et al., 2011; Sharifi and Young, 
2013).

Key metrics which can potentially be used to validate 
numerical simulations include the flow rates and velocity 
distributions, the distributions of different materials and 
(thus) various mixing and mixing rate metrics, solids con-
centration, and solids hold-up (Sharifi and Young, 2013). 
Fig. 7 shows an example in which ECT-derived cross- 
sectional images of solid distributions are used to validate 
CFD–DEM simulations of a Wurster coater (Che et al., 
2020). This set of images, as well as those shown in Fig. 8, 
clearly illustrate the advantage gained in terms of the thor-
oughness and rigour when using two/three-dimensional 
imaging techniques (as opposed to simpler, lower- 
dimensional data such as pressure drop measurements) 
when validating simulations.

In terms of the relative advantages and disadvantages of 
the ECT technique, two particularly significant benefits for 

industrial applications are the low cost and easy installation 
of the technique (Eda et al., 2013). Compared to nuclear 
imaging techniques such as PEPT and RPT (which we dis-
cuss next), it also carries the advantage of not using ionis-
ing radiation, thus providing non-trivial benefits in terms of 
ease of use, as no permits etc. are required for its imple-
mentation. Electrical tomography systems can also be used 
as on-line, in-line sensors, offering access to real-time data 
from a system.

In terms of drawbacks, EXT techniques offer compara-
tively poor spatial resolution—typically of the order of 
10 % of the diameter of the vessel being imaged when used 
in practice in industrial systems (Xie et al., 1995). While of 
course these figures fall well below what is hypothetically 
achievable with more carefully controlled conditions and 
cutting-edge algorithms, it is nonetheless well accepted 
that spatial resolution remains an Achilles heel of EXT 
techniques (Rymarczyk et al., 2019; York, 2001). Another 
disadvantage of electrical tomography compared to meth-
ods such as RPT and PEPT is that it provides only Eulerian 
information—that is, it can provide information regarding 
the bulk motion of a particulate medium (velocity distribu-
tions, solids distributions...), but provides no particle-level 
information (e.g. circulation time, dispersion rate, etc.).

4.2 Positron emission particle tracking
Positron emission particle tracking, as its name implies, 

tracks the motion of a ‘tracer particle’6 which is ‘labelled’ 
with a positron-emitting radioisotope.

When the positrons produced by said isotope annihilate 
with electrons within the tracer particle, they produce a pair 

Fig. 7 Example of the use of ECT data in the validation of a CFD–DEM model of a Wurster coater. Reproduced with permission from Ref. (Che et 
al., 2020). Copyright: (2020) Elsevier B.V.

6 PEPT may also be conducted using multiple such tracers (Nicuşan and 
Windows-Yule, 2020; Yang et al., 2006), but for the sake of simplicity in 
the present explanation of the technique we will only consider the case of 
a single tracer.
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of 511 keV gamma photons whose trajectories are collinear 
and antiparallel, thus effectively ‘drawing a straight line’ 
(known as a line of response or LoR) through the tracer’s 
position. If multiple such LoRs are detected by suitably- 
placed detectors surrounding a given system of interest, 
they can be used to triangulate the position of the tracer. For 
current detector systems and algorithms, tracers can be lo-
cated with micron-scale spatial resolution and microsecond- 
scale temporal resolution (Windows-Yule et al., 2022b). 
Through suitable temporal averaging, the dynamics of the 
tracked particle(s) may be used to build up a picture of the 
full, three-dimensional dynamics of the system of interest. 
PEPT’s use of high-energy gamma radiation means that it 
can be used to probe the interior dynamics of large, dense, 
optically-opaque, three-dimensional systems, making it 
well-suited to industrial imaging. The tracers used are also 
typically physically identical to those belonging to the 
system of interest, meaning that the technique is also 
non-invasive. A more complete but still accessible intro-
duction to the PEPT technique can be found in reference 
(Windows-Yule et al., 2020), and a deeper dive into the al-

gorithms used to track particles in reference (Windows-Yule 
et al., 2022a).

Like ECT, PEPT has been applied to the study of a wide 
range of industry-relevant processes and unit operations, 
including pipe flow (Fairhurst et al., 2001), diverse types of 
mixers (Jones and Bridgwater, 1998; Marigo et al., 2013; 
Mihailova et al., 2015), stirred tank reactors (Fangary et al., 
2000), fluidized beds (Leadbeater et al., 2023), spouted 
beds (Al-Shemmeri et al., 2021), and vibrated beds 
(Windows-Yule et al., 2014), cyclones (Chan et al., 2009), 
drum roasters (Al-Shemmeri et al., 2023), mills 
(Conway-Baker et al., 2002), froth flotation devices (Cole 
et al., 2022), extruders (Diemer et al., 2011), and even 
household appliances such as washing machines, dish-
washers and tumble dryers (Jones et al., 2022; Pérez- 
Mohedano et al., 2015).

Due to the rich, high-resolution, three-dimensional data 
provided by PEPT, the technique is also widely used in the 
validation of numerical models of particulate and particle- 
fluid systems, including industry-relevant systems. Fig. 8 
shows a comparison of PEPT and CFD–DEM data for a 

Fig. 8 Comparison of PEPT and CFD–DEM derived solid occupancy distributions for a variety of different system conditions (rows) and drag mod-
els (columns). Reproduced with permission from Ref. (Che et al., 2023a).  Copyright: (2023) Elsevier B.V.
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NEUHAUS NEOTEC spouted-bed coffee roaster (Che et 
al., 2023a). By post-processing both PEPT and CFD–DEM 
data on the same Eulerian grid, it is possible to conduct a 
cell-by-cell comparison of experimental and numerical 
data for a variety of physical fields, and thus provide a  
fully quantitative assessment of the degree of accuracy ex-
hibited by a given simulation. Full details of the process 
through which this may be achieved may be found in refer-
ence (Che et al., 2023a).

To date, however, while PEPT has been used to image a 
number of ‘real’ industrial systems, including pilot-scale 
systems, in the laboratory (Windows-Yule et al., 2022b), its 
use for the in situ imaging on active industrial sites has 
been comparatively limited as compared to techniques 
such as EXT.

In 2007, using a portable, modular detector system de-
veloped at the University of Birmingham, PEPT was suc-
cessfully used to extract information from a large (750 mm 
diameter) fluidised bed at BP’s site in Hull, operating at 
pressure and under industry-relevant conditions (Ingram et 
al., 2007). Data obtained included velocity vector fields 
indicating the flow regime of the system, and circulation 
rate data, both providing valuable insight into mass trans-
port within the system and the variation thereof with 
changes to key system parameters.

In 2022, an upgraded modular camera system (Herald et 
al., 2023; Parker et al., 2022) was used to image particle 
motion within an active fluidised-bed pyrolysis reactor 
used for the chemical recycling of waste plastics (Ingenia, 
2022). In this instance, not only were particles correspond-
ing to the bed material used to image the flow dynamics of 
the system, radioactively labelled plastic pellets were also 
used to assess crucial aspects of system performance in-
cluding the residence time of the particle (i.e. the time re-
quired for its complete volatilisation), as well as indicating 
whether or not the plastics injected into the system were 
subject to adequate mass transport to ensure temperature 
uniformity (and thus product quality).

The lack (to date) of PEPT’s wider use in on-site imag-
ing can likely be ascribed to one (or both) of two major 
factors: firstly, the current lack of widespread availability 
of the relevant expertise or equipment (there presently only 
exists one portable, modular PEPT camera). Secondly, the 
fact of the use of ionising radiation means there exists a 
considerable amount of ‘red tape’ as compared to tech-
niques such as ECT. However, there do not exist any spe-
cific technological barriers to the wider adoption of 
industrial PEPT.

The above represents perhaps the most significant ‘con’ 
regarding the industrial application of PEPT imaging. An-
other notable drawback, however, is that while PEPT can 
provide real-time information regarding the motion of indi-
vidual particles, the requirement of the time-averaging of 
multiple tracer passes to produce full, Eulerian data means 

that, unlike EXT, PEPT cannot provide direct information 
regarding transient bulk phenomena (e.g. bubble dynamics 
in fluidised beds)—though some indirect and/or statistical 
information regarding such processes can still be obtained 
(Windows-Yule et al., 2022b).

In terms of PEPT’s advantages, as noted above, it facili-
tates the extraction of both Lagrangian and Eulerian data, 
providing a depth of information that can be extremely 
valuable for the rigorous calibration and validation of nu-
merical models, as forms the focus of this section. It also 
offers the highest spatial resolution of all techniques dis-
cussed which can be crucial, for example, when investigat-
ing the mixing of micron-scale particles in the 
pharmaceutical industry.

4.3 Radioactive particle tracking
The fundamental approach of radioactive particle track-

ing (RPT)7 is not dissimilar to that of PEPT, in that a single8 
radioactively-labelled tracer particle is followed through a 
given system of interest, and the time-averaged dynamics 
thereof are used to provide three-dimensional Eulerian in-
formation. Unlike PEPT, however, RPT does not require 
the use of positron-emitting tracers (though such tracers 
can be used for RPT if desired), but can feasibly be applied 
using any gamma-emitting radioisotope. Rather than find-
ing the intersection of multiple LoRs produced by back-to-
back gamma rays, in RPT the location of the tracer is 
determined by measuring the relative intensity of the radia-
tion emitted by the tracer across a series of detectors placed 
around the system. In an entirely homogeneous system, the 
intensity received by a given detector will be proportional 
to the square of its distance from the tracer. As such, with 
multiple such detectors placed strategically around the 
system of interest, one could hypothetically determine the 
position of the tracer through triangulation. In reality, how-
ever, since the vast majority of particulate systems are het-
erogeneous to some degree, correction factors must be 
applied to account for the differing degrees of attenuation 
experienced by gamma rays taking different paths through 
the system. For this reason, unlike PEPT, RPT must be 
specifically calibrated for each new system and set of mate-
rials to which it is applied (Roy et al., 2002). The fact that 
local densities (and thus their ability to attenuate gamma 
rays) may, in many systems, undergo non-negligible fluctu-
ations means that RPT measurements are typically subject 
to a larger degree of uncertainty than PEPT measurements, 
and thus correspondingly offer lower temporal resolution.

Like PEPT, RPT has been applied to a diverse range of 

7 RPT is also commonly referred to as computer aided radioactive particle 
tracking (CARPT). The two terms can, at least in the context of the present 
work, be used interchangeably.
8 As with PEPT, RPT may also be conducted using multiple such tracers 
(Rasouli et al., 2015), but for the sake of simplicity in the present explana-
tion of the technique we will only consider the case of a single tracer.
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industry-relevant systems and applications including flui-
dised beds (Fraguío et al., 2007), packed beds (Chen et al., 
2001), stirred tanks (Rammohan et al., 2001), bubble col-
umns (Devanathan et al., 1990), and rotating drums 
(Rasouli et al., 2016). The advantages and disadvantages of 
RPT compared to ECT are also largely similar to those of 
PEPT, and as such will not be repeated here. Of greater in-
terest in the current section are RPT’s strengths and weak-
nesses compared to PEPT. One of the most notable 
differences between PEPT and RPT—as indeed has been 
explicitly noted by one of the most prominent practitioners 
of the RPT technique (Roy et al., 2002)—PEPT can in 
many ways be considered an ‘off-the-shelf’ or ‘plug-and-
play’ technique, whereas for RPT “a laborious trial and 
error experimental procedure has to be undergone before a 
good experimental run can be implemented” (Roy et al., 
2002). As alluded to above, the assumptions required for 
the calibration of RPT systems also mean that the spatial 
resolution achievable with this technique is typically lower 
than that achievable with PEPT—though sub-millimetre 
accuracy is still possible to achieve under suitable condi-
tions.

In the context of industrial imaging, however, RPT does 
offer one significant advantage: PEPT’s requirement for the 
use of back-to-back gamma rays produced by positron- 
electron annihilation events inherently fixes the energy of 
usable gamma rays at 511 keV. As RPT is free of such re-
strictions, radioisotopes producing higher energy gamma 
rays may be used, thus—due to their increased characteris-
tic penetration lengths—allowing the imaging of larger 
systems.

4.4 Summary
Table 1 provides a brief summary of the relative 

strengths and weaknesses of the techniques discussed in the 
previous sections. Though perhaps the weakest of the three 
in terms of its actual imaging capabilities, considering the 
reduced red tape, lower costs, and fewer health and safety 

concerns associated with electrical tomography techniques, 
it is perhaps unsurprising that, in the general context of 
commercial, industrial imaging, it remains by far the most 
popular technique. However, in the specific context of the 
calibration and validation of numerical models, it can be 
argued that the depth of data which can be extracted from 
PEPT and RPT (and the precision of said data) makes them 
more suitable choices: the calibration and validation of 
simulation models can (and, in the authors’ view, should) 
be seen as a numerical optimisation problem, with a num-
ber of free parameters equal to the number of tunable vari-
ables in the simulation (Windows-Yule and Neveu, 2022). 
Even a simple, single-phase, one material simulation has in 
excess of 10 such free parameters, and a simulation involv-
ing a fluid phase and/or multiple distinct materials many 
more still. If we wish to provide closures for each of these 
parameters, then a greater range of data (as is available 
from the aforementioned particle tracking methods) is re-
quired.

In the ‘factory of the future’, then, one might imagine 
that there exists an important role for both electrical tomog-
raphy and particle tracking methods, the latter being used 
more occasionally for the development of new models (i.e. 
digital twins of process equipment), and the former for 
regular, day-to-day process monitoring, and informing the 
models created.

5. Summary and conclusion
In this review, we have provided an overview of several 

leading techniques for the numerical modelling of industrial- 
scale particulate and particle-fluid systems, as well as the 
experimental imaging techniques which may be used for 
the validation thereof. In both cases, it is evident that, with 
currently available technologies, there does not exist ‘one 
technique to rule them all’; rather, different techniques are 
more suitable for different systems and situations, with 
clear tradeoffs to be considered. In terms of simulation 
models, the trade-off is typically between accuracy, ease of 
calibration/implementation, and computational cost. In 
terms of experimental imaging, the tradeoff is typically 
between accuracy, ease of calibration/implementation, and 
financial cost.

In keeping with the title of the review, it is perhaps of 
value to end by providing a brief summary of the main 
challenges associated with the methods discussed, and the 
potential solutions thereto. The main challenges can be 
broadly distilled down as follows:
(i) The use of fully resolved DEM can provide quantita-

tively accurate numerical models of experimental 
systems, created with relatively few simplifying as-
sumptions, but even with state-of-the-art hardware 
and parallelisation techniques, is currently limited  
to the simulation of billions of particles, whereas in-
dustrial systems may contain trillions or even  

Table 1 Summary of the comparative strengths and weaknesses of 
electrical tomography (EXT), positron emission particle tracking (PEPT) 
and radioactive particle tracking (RPT) techniques.

EXT PEPT RPT

Spatial resolution   

Capable of imaging large systems   

Cost   

Eulerian information   

Lagrangian information   

Transient information   

Plug-and-play   

Non-ionising radiation   
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quadrillions.
(ii) Coarse-grained DEM models can seemingly facilitate 

the meaningful simulation of systems containing arbi-
trarily large numbers of particles, but there is at pres-
ent no consensus on the mapping of individual particle 
properties to meso-particle properties.

(iii) Mapping-based extrapolation methods also allow fur-
ther acceleration of DEM simulations, but unlike CG 
methods remain fully resolved, thus allowing direct 
calibration; however, these methods are unsuitable for 
transient processes, and may not be viable for dilute 
systems.

(iv) Simulations based on the kinetic theory of granular 
flow are potentially (though not necessarily) capable 
of increasing simulation speed further still, but intro-
duce still more extreme simplifying assumptions than 
CG, most notably by treating discrete systems as 
continuous.

(v) Experimental methods such as electrical tomography, 
radioactive particle tracking and positron emission 
particle tracking are capable of imaging industrial- 
scale systems, and thus providing validation data for 
numerical simulations, yet those techniques which 
offer greatest accuracy often involve the highest finan-
cial costs and most red tape, and vice versa.

In terms of a solution, the most effective route—and one 
increasingly being adopted by researchers—is not to use 
any one method in isolation, but to take a ‘multi-scale’ or 
‘bootstrapping’ approach involving several (if not all) of 
the above-described methodologies. For example, one may 
begin by considering the largest (e.g. pilot scale) model of 
the system of interest that can both a) be simulated using 
fully resolved (CFD-)DEM, and b) be imaged with a de-
sired imaging method (the ultimate size of the system being 
determined by whichever of a) and b) is the limiting fac-
tor). Once fully calibrated and validated against suitable 
experimental data, this resolved model may be used either 
to develop suitable closure relations for a KTGF/TFM 
model, or to determine suitable coarse-grained DEM prop-
erties. Since the models developed should be dependent 
only on the materials involved, one may reasonably ex-
pect—if they have been suitably rigorously calibrated—
that they may then be used to efficiently model larger-scale 
systems9. Though convoluted, this process—as evidenced 
by the literature discussed in the preceding sections— 
provides a viable route to the accurate simulation of  
industrial-scale systems.

Supplementary Information
The online version contains supplementary material 

available at https://doi.org/10.14356/kona.2025007.
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Towards 3D Shape Estimation from 2D Particle Images:  
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Particle shape plays a critical role in governing the properties and behavior 
of granular materials. Despite advances in capturing and analyzing 3D 
particle shapes, these remain more demanding than 2D shape analysis due 
to the high computational costs and time-consuming nature of 3D imaging 
processes. Consequently, there is a growing interest in exploring potential 
correlations between 3D and 2D shapes, as this approach could potentially 
enable a reasonable estimation of a 3D shape from a 2D particle image, or 
at most, a couple of images. In response to this research interest, this study 
provides a thorough review of previous studies that have attempted to 
establish a correlation between 3D and 2D shape measures. A key finding 
from the extensive review is the high correlation between 2D perimeter 
circularity (cp) and Wadell’s true sphericity (S) defined in 3D, suggesting 
that a 3D shape can be estimated from the cp value in terms of S. To further 
substantiate the correlation between cp and S, this study analyzes 
approximately 400 mineral particle geometries available from an open-
access data repository in both 3D and 2D. The analysis reveals a strong 
linear relationship between S and cp compared with other 2D shape descriptors broadly used in the research community. Furthermore, the 
limited variance in cp values indicates that cp is insensitive to changes in viewpoint, which indicates that fewer 2D images are needed. 
This finding offers a promising avenue for cost-effective and reliable 3D shape estimation using 2D particle images.
Keywords: particle shape, shape descriptor, 3D shape analysis, 2D shape analysis, true sphericity, perimeter circularity

1. Introduction
Particle shape significantly influences the macroscopic 

properties and behavior of granular materials (Cho et al., 
2006; Cook et al., 2017; Lee et al., 2017; Payan et al., 2016; 
Shin and Santamarina, 2013; Stark et al., 2014). For exam-
ple, track ballast, which is a granular material essential for 
railroad infrastructure, plays a vital role in facilitating 
drainage around the tracks and distributing the load from 
the train traffic, thereby stabilizing the railway track sys-
tem. The geometry of the ballast particle is a key parameter 
that affects drainage and significantly affects track perfor-
mance, including strength, track modulus, and permanent 
deformation. In the granular materials research community, 
the influence of particle shape has been studied experimen-
tally (Cho et al., 2006; Lee et al., 2019) and numerically 
(e.g., using the Discrete Element Method (DEM)) by ex-
plicitly modeling particle geometries (Lee, 2014; Lee et al., 
2010, 2012, 2021; Lee and Hashash, 2015; Qian et al., 
2013; Tutumluer et al., 2018). More recently, 3D-printed 

synthetic particles have been employed for the investiga-
tions. These particles were first digitally represented and 
then 3D printed for experimental studies to investigate the 
effect of particle shape (Hanaor et al., 2016; Landauer et 
al., 2020; Su et al., 2017, 2020b).

Particle shape characterization has been conducted 
through either 3D or 2D analysis, each with its own distinct 
methodologies and inherent trade-offs. In 3D analysis, 
geometric attributes such as the three principal dimensions 
(such as length, width, and thickness), volume, and surface 
area are measured using advanced imaging tools, including 
3D laser scanning and X-ray microcomputed tomography 
(μCT). The obtained geometric information is then used to 
describe the shape, e.g., elongation, flatness, and sphericity. 
These methods enable us to capture the 3D geometry of 
particles with greater accuracy, making them increasingly 
popular in the granular materials research community. 
Nevertheless, 3D analysis is generally time-consuming, 
computationally expensive, and labor-intensive. It requires 
significant effort in the pre- and post-processing of data, as 
well as in scanning particles whether individually or collec-
tively. In contrast, 2D analysis evaluates planar geometric 
attributes such as the projected area and perimeter, which 
are derived from projected 2D particle images. This 
method, being more traditional with a longer history than 
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3D analysis methods, offers simplicity and speed, making it 
suitable for rapid assessment of particle shapes. However, 
it fails to provide a comprehensive understanding of 3D 
particle geometry. In addition, 2D analysis can be sensitive 
to changes in viewpoint, which can skew the analysis re-
sults.

Given the distinct strengths and limitations of 3D and 2D 
analysis methods, there is increasing interest in bridging 
the gap between these two approaches, aiming to ultimately 
estimate 3D shape properties from a 2D particle image or 
images. Many review papers have examined various 3D 
and 2D shape descriptors (Anusree and Latha, 2023; Blott 
and Pye, 2007; Jia and Garboczi, 2016; Rodriguez et al., 
2012). However, there appears to be a lack of comprehen-
sive reviews specifically focusing on the correlation be-
tween 3D and 2D shape measures with the goal of 
estimating 3D shape from 2D particle images.

This review paper aims to examine existing research to 
identify effective correlations between 3D and 2D shape 
measures. This review is particularly timely given the re-
cent advances in 3D imaging techniques that facilitate the 
creation of digitally representable 3D particles and enable 
more accurate correlations across the different spatial di-
mensions. The comparative study of 3D and 2D shapes has 
relevance across disciplines, including applications for 
general objects in computer graphics fields (Petre et al., 
2010). However, this review narrows the focus to mineral 
particles, ensuring that the findings are relevant and appli-
cable to the field of granular materials research.

We begin by reviewing various 3D and 2D shape analy-
sis methods that have been adopted by the research com-
munity, highlighting their benefits and drawbacks. These 
are discussed in Sections 2 and 3. The salient conclusion 
from the comprehensive reviews (as described in Sec-
tion 4) is that there is a good correlation between Wadell’s 
3D true sphericity (S) and 2D perimeter circularity (cp), 
which is attributable to the inherent relevance of their defi-
nitions. To further substantiate the findings, this paper in-
cludes a study using a dataset of 3D digital particles from 
the NSF DesignSafe-CI, an open-access data repository 
(Tripathi et al., 2023). The study analyzes 382 granite and 
limestone particle geometries in the dataset. The analysis 
compares the five broadly used 2D circularities, including 
cp, with the 3D true sphericity (S), which is elaborated in 
Section 5. For clarity, the upper-case symbols denote 3D 
geometric properties, while the lower-case symbols are 
used to indicate 2D properties throughout this paper. For 
example, A indicates a particle’s surface area in 3D, while 
a represents the projection area of a particle in 2D.

2. 3D shape analysis
2.1 3D shape descriptors

Particle shape has been traditionally characterized on 
three different scales: (i) form, (ii) roundness, and (iii) 

surface texture, as shown in Fig. 1. Form identifies the 
shape on the scale of particle diameter D. Three principal 
dimensions are commonly used to describe the form of a 
particle contained in a hypothetical tight box: length (D1), 
width (D2), and thickness (D3). These dimensions are per-
pendicular to each other and represent the long, intermedi-
ate, and short dimensions, respectively. Ratios derived 
from these three dimensions are used as form factors to 
quantify the shape. For example, the D2/D1 ratio has been 
traditionally used to indicate elongation, and the D3/D1 ra-
tio has been adopted for flatness. Various form classifica-
tion diagrams have been developed based on this approach, 
most notably by Zingg (1935), Krumbein (1941), and 
Sneed and Folk (1958). The lineage of efforts to define the 
particle form based on three principal dimensions also in-
cludes contributions from Wentworth (1923), Corey (1949), 
Aschenbrenner (1956), Janke (1966), Dobkins and Folk 
(1970), among others. Interested readers can refer to Blott 
and Pye (2007), which provides a comprehensive summary 
of the various form factors. Roundness is defined at an in-
termediate scale, describing the sharpness of local corners 
and edges, which is one order of magnitude smaller than 
the particle diameter scale, i.e., D/10 (Cho et al., 2006; 
Jerves et al., 2016). The diameters of the curvature at the 
corners are commonly used as major parameters to quan-
tify roundness. Surface texture, which relates to surface 
roughness at the micro-to-nano scale, requires high- 
resolution optical characterization (Alshibli et al., 2015). 
Unlike form and roundness that are characterized optically, 
surface texture has frequently been characterized mechani-
cally, e.g., through measurements of the interparticle fric-
tion angle (Lee and Seed, 1967; Rowe, 1962; Terzaghi et 
al., 1996). This mechanical characterization is also driven 
by the fact that intrinsic mineralogy primarily determines 
surface texture (Terzaghi et al., 1996).

Sphericity is another aspect of 3D particle shape and is a 
measure of how closely the shape of a particle resembles 
that of a sphere. Wadell (1932) developed the concept of 
true sphericity (S) to quantify sphericity. This measure 
compares the particle’s surface area A to the surface area of 
a sphere with the same volume as the particle As, as defined 
in Eqn. (1). He added that sphericity was best measured by 

Form Roundness

Surface texture
Fig. 1 Particle shape defined on three different scales Ref. (Mitchell 
and Soga, 2005).
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the true sphericity (Wadell, 1933).

S = As / A (1)

Later, Wadell (1934) introduced an alternative measure 
of sphericity, denoted as Ψ, as defined in Eqn. (2), because 
of the challenges in measuring surface area. In this defini-
tion, V is the volume of a particle, and Vcs is the volume of 
the smallest circumscribed sphere.

Ψ = (V / Vcs)1/3 (2)

Krumbein (1941) showed that Ψ can be effectively rep-
resented by Eqn. (3), where D′, D′′, and D′′′ are the three 
principal diameters of an ellipsoid. These diameters, or-
dered such that D′ > D′′ > D′′′, define an ellipsoid with the 
same volume as the particle. He termed this measure inter-
cept sphericity. This approach uses the same definition as 
the alternative sphericity in Eqn. (2) while simplifying the 
measurement to three principal dimensions.

Ψ = (D′′ × D′′′ / D′2)1/3 (3)

There has been some confusion within the granular ma-
terials research community regarding whether sphericity is 
a form factor or a fourth aspect of shape. Sphericity has 
often been considered a form factor because it can be mea-
sured using three principal dimensions, as shown in 
Eqn. (3). However, many studies have suggested that 
sphericity is a distinct aspect that is separate from particle 
form. This view is supported by the fact that Wadell’s true 
sphericity (S) is influenced by both form and roundness, 
highlighting the need to treat sphericity as a distinct charac-
teristic (Barrett, 1980; Blott and Pye, 2007; Zhu and Zhao, 
2021). Particle form is defined by particle’s three principal 
dimensions; thus, it is independent of local shape features, 
such as roundness. However, true sphericity quantifies a 
comprehensive aspect of shape by measuring equidimen-
sionality in all directions; thus, it is not completely inde-
pendent of roundness. For example, a cube and a regular 
dodecahedron are considered ‘equant’ across the three 
principal dimensions; thus, they are evaluated as having the 
same form. However, the regular dodecahedron, which is 
close to the shape of a perfect sphere, exhibits higher true 
sphericity. A form described as ‘equant’ needs only be 
equidimensional in three directions, whereas a true sphere 
is equidimensional in all directions; thus, equant shapes are 
not equally spherical from the perspective of true spheric-
ity. For this reason, it is appropriate to discuss ‘sphericity 
measures’ such as Ψ as a form factor, while treating ‘true 
sphericity’ S as a distinct fourth aspect of shape, even 
though S was originally proposed as a shape descriptor to 
measure sphericity.

Larger-scale properties such as particle form and true 
sphericity are more critical for understanding 3D shape 
characteristics than local scale properties like roundness 
and surface texture. Specifically, the 3D form is defined by 

three principal dimensions, and true sphericity is measured 
based on the 3D surface area of the particle. Therefore, 
these measurements are inherently limited when estimated 
from 2D projection images. However, since roundness and 
surface texture are defined at a more localized level, 2D 
analysis may not result in significant loss of information 
compared with 3D analysis. This perspective aligns with 
Wadell’s observation: “while sphericity is essentially a 
three-dimensional conception, roundness is obtained by 
measurements in one plane only” (Wadell, 1932). The 
minimal emphasis on roundness analysis in 3D may ex-
plain why Wadell never proposed a concept of 3D round-
ness despite his extensive studies on 3D sphericity. Given 
that surface texture operates at an even smaller scale, the 
importance of understanding the 3D surface texture may 
not be as significant. Therefore, the correlation between 3D 
and 2D shape analyses may provide a more practical value 
for characterizing form and true sphericity. Therefore, this 
paper focuses on larger-scale shape properties rather than 
roundness and surface texture.

2.2 Advances and challenges in 3D shape analysis
When the concept of 3D shape description was first 

conceptualized in the 1920s and later, 3D shape analysis 
relied on measuring three principal dimensions to quantify 
form and sphericity. Today, 3D shape analysis is primarily 
conducted using 3D digital imaging techniques. These 
methods enable the capture of full particle geometries with 
unprecedented accuracy, including particle volume and 
surface area, and facilitate measurements such as true sphe-
ricity. The 3D digital imaging techniques adopted within 
the granular materials research community can be broadly 
categorized into four approaches: (i) using a set of projec-
tion images, (ii) employing general-purpose handheld or 
desktop 3D scanners that utilize laser or structured light, 
(iii) applying X-ray micro-computed tomography (μCT), 
and (iv) utilizing other methods, including various micro-
scopes. Zhang et al. (2019) similarly classified modern 3D 
shape analysis methods as involving charge-coupled de-
vice image processing, laser scanning, or μCT.

(i) 3D shape analysis based on a set of projection images: 
Early approaches to image-based 3D shape analysis at-
tempted to reconstruct a particle’s geometry by combining 
multiple 2D images from different viewpoints, commonly 
using three orthogonal projection images. The early efforts 
include Kuo et al. (1996), Lee et al. (2005), and Cavarretta 
et al. (2009). Later, researchers at the University of Illinois 
developed the Enhanced University of Illinois Aggregate 
Image Analyzer (E-UIAIA), a 3D shape analysis system 
specifically developed for coarse aggregates, as shown in 
Fig. 2. The proposed system creates a polyhedral digital 
representation of a 3D particle by combining three orthog-
onal particle images (Huang and Tutumluer, 2014; Moaveni 
et al., 2013; Qian et al., 2013). However, using only three 
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projections limits its ability to accurately represent detailed 
particle shapes, such as surface concavities, as depicted in 
Fig. 2(d). More recent methodologies, such as 3D Dy-
namic Image Analysis (DIA), extract features from a 
greater number of projections of a particle, ranging from 8 
to 12 (Li Linzhu et al., 2023; Li and Iskander, 2021).  
Structure-from-motion (SfM) photogrammetry, which is 
extensively used in the computer vision field, has also been 
adopted by the granular materials research community. 
This method facilitates digital representation of 3D particle 
geometry from multiple photographs taken at random 
viewpoints with standard or cellphone cameras (Ozturk 
and Rashidzade, 2020; Paixão et al., 2018; Tunwal and 
Lim, 2023; Zhang et al., 2016; Zhao et al., 2021). Fig. 3 
shows an example of SfM-based imaging applied to min-
eral particles. Although this approach enables a more accu-
rate representation of particle shape, capturing detailed 
geometries requires extensive photographic efforts.

(ii) General-purpose handheld or desktop 3D scanners 
using laser or structured light: This approach employs laser 
or structured light (SL), differentiating it from the above- 
described photo-based approach. A study by Lee et al. 
(2005) can be considered an early attempt in this category. 

Their system captured one side of a particle on a conveyor 
belt, employing a customized setup that combined two 
cameras and a uniform line laser. While the effect of scan-
ning resolution needs to be further studied, the approach to 
capture 3D particle geometries employing laser or SL is 
becoming increasingly popular in the granular materials 
research community because many commercial tools are 
available (Bhattacharya et al., 2020; Hu et al., 2023; 
Latham et al., 2008; Lee C.H. et al., 2022; Lee S.J. et al., 
2022; Li et al., 2021; Sun et al., 2014; Tripathi et al., 2023, 
2024; Xiao et al., 2020; Yang et al., 2023). Fig. 4 shows the 
setup of a 3D SL scanning system applied to mineral parti-
cles. Fig. 5 shows a digitally represented particle obtained 
by SL scanning.

(iii) X-ray micro-computed tomography (μCT): This 
technique utilizes an X-ray beam to generate cross- 
sectional images of a specimen, which are then combined 
to reconstruct its 3D digital representation. Unlike the other 
methods that use the selective ‘projection’ images, this 
μCT approach employs ‘slice’ images which are compiled 
into a 3D digital image. This non-destructive technique al-
lows for detailed visualization of the intricate particle con-
tacts that compose the internal structure of a specimen, 

(c)

Top

Side Front

(a) (b) (d)

Fig. 2 E-UIAIA 3D shape analysis system (modified from Qian et al. (2013)): (a) mineral particle for analysis; (b) particle placed on the E-UIAIA 
system; (c) three orthogonal images of the particle; (d) polyhedral representation of the particle, which is subsequently used for 3D shape analysis, e.g., 
elongation, flatness, and sphericity; image reused with written permission from the publisher.

Photo

Point cloud

3D digital 
representation

Fig. 3 Digital representation of 3D particles obtained using structure-from-motion (SfM) photogrammetry (Zhang et al., 2016); image reused with 
written permission from the publisher.
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such as soil fabric. The μCT imaging system is often inte-
grated with conventional laboratory experiments, such as 
triaxial compression, for in situ tomography. Therefore, 
this setup facilitates the simultaneous loading and scanning 
of specimen inside a triaxial cell, allowing the observation 
of changes in the internal structure. Consequently, many 
studies have adopted μCT to capture changes in soil fabric 
along with the evolution of particle geometries within soil 
samples (Al-Raoush, 2007; Alshibli et al., 2015; Bagheri et 
al., 2015; Bloom et al., 2010; Druckrey et al., 2016; 

Erdogan et al., 2006; Fei et al., 2019; Fonseca et al., 2012; 
Fu et al., 2006; Kutay et al., 2010; Li Linzhu et al., 2023; 
Maroof et al., 2020; Masad et al., 2005; Nie et al., 2020; Su 
and Yan, 2018a; Vlahinić et al., 2014; Wu et al., 2018; Yang 
et al., 2017; Zhou et al., 2015; Zhou and Wang, 2017). 
Fig. 6 presents a schematic and experimental setup for in 
situ tomography using μCT. In general, 3D particle geome-
try characterization using μCT can be categorized into 
three approaches (Zhao and Wang, 2016): (a) voxel assem-
bly in images (Alshibli et al., 2015; Fonseca et al., 2012; 
Lin and Miller, 2005; Ueda, 2020; Yang et al., 2017), (b) 
reconstructed surface mesh (Lin and Miller, 2005), and (c) 
calculations based on surfaces formed through 3D spheri-
cal harmonic (SH) analysis (Cepuritis et al., 2017; Erdogan 
et al., 2006; Kutay et al., 2011; Masad et al., 2005; Nie et 
al., 2020; Su and Yan, 2018a; Wei et al., 2022; Zhou et al., 
2015; Zhou and Wang, 2017).

(iv) Other 3D analysis methods: These approaches in-
clude, but are not limited to, the following: using digital 
microscopes (Fang et al., 2022), optical tomography sys-
tems composed of an inverted microscope and a digital 
camera (Bloom et al., 2010), confocal microscopes 

Dual cameras

Sliding rail

Particle sitting on a 
needle arrangement

Automatic turntable

An emitted light pattern

Fig. 4 3D structured light (SL) scanning system to capture 3D particle geometry (Bhattacharya et al., 2020); image reused with written permission 
from the publisher.

(a) (b)

Fig. 5 Captured 3D particle geometry using 3D SL scanning: (a) orig-
inal particle; and (b) digitally represented particle (Bhattacharya et al., 
2020); image reused with written permission from the publisher.

Axial loading
device CCD camera

X-ray beam

Positioning device

Image
device

Fig. 6 X-ray micro-computed tomography (μCT) setup for in-situ tomography: schematic and experimental setup (Bésuelle et al., 2006); image re-
used with written permission from the publisher.
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(McCormick and Gee, 2005), and optoelectronic analysis 
(Krawczykowski et al., 2022). An approach worth men-
tioning is the study by Yeong and Torquato (1998), which 
involved probabilistic reconstruction of mesoscale 3D par-
ticulate media from a 2D slice image. This technique has 
gained interest owing to its ability to extrapolate three- 
dimensional structures from two-dimensional data, particu-
larly due to the limited access to μCT and computing  
resources available at the time. Subsequent research has 
applied this technique to reproduce mesoscale 3D hetero-
geneous rocks from 2D cross-section images for discrete 
element simulation (Wei et al., 2023). However, it remains 
uncertain whether these probabilistically generated 3D 
particles accurately reflect actual 3D shapes. Additionally, 
high-fidelity 3D reconstruction is computationally expen-
sive. In their article, it was highlighted that using the ex-
haustive method to calculate the two-point probability 
function requires enumerating hundreds of millions of 
particle pairs, which can easily exceed the memory capac-
ity of a standard personal computer, necessitating the use of 
Monte Carlo simulations. Consequently, further research is 
required to determine whether the reconstructed 3D me-
dium truly represents the actual geometries of the particles.

Recent approaches have also adopted Artificial Intelli-
gence and Machine Learning (AI/ML) technologies. Wang 
et al. (2023) utilized a deep learning-based approach to 
capture 2D randomly projected images from a vibration 
screen machine. Zubić and Liò (2021) demonstrated an 
application within the computer graphics domain to recon-
struct 3D models from a 2D image of general objects such 
as cars and birds. Xiao et al. (2020) introduced an AI/ML-
based method for statistically reconstructing 3D particle 
geometries using trained datasets. There have been at-
tempts to use SfM for field analysis of particles, such as 
stockpiles, by creating a 3D point cloud directly from im-
ages taken on site and then segmenting the point cloud into 
individual particles. A major challenge arises from the oc-
clusion problem, where only a few particles are fully visi-
ble on the surface. To address this issue, Huang et al. 
(2022) adopted an AI/ML approach to reconstruct the oc-
cluded sides of partially visible particles.

A 3D shape analysis is generally considered time- 
consuming, labor-intensive, and computationally costly. 
When particles are individually scanned for 3D shape anal-
ysis, such as with a desktop 3D scanner: (a) each particle 
requires multiple scans for full 3D geometry characteriza-
tion, necessitating the use of a rotating table and flipping 
particles upside down to capture all sides (Bhattacharya et 
al., 2020); and (b) a significant number of particles need to 
be scanned to ensure statistical significance for represent-
ing the shapes of the bulk. While scanning a few particles 
using a handheld or desktop scanner is feasible, scaling up 
to hundreds or thousands of particles is practically chal-
lenging, which limits statistical significance in the analysis. 

On the other hand, X-ray μCT allows the simultaneous 
capture of 3D geometries of all particles within a sample, 
eliminating the need to scan each particle individually (Wu 
et al., 2018). However, this method is also time-consuming 
and computationally expensive due to the processes re-
quired for sample preparation, operation, and data post- 
processing (Anusree and Latha, 2023; Bloom et al., 2010; 
Guida et al., 2020; Roslin et al., 2022). Moreover, μCT 
equipment is less accessible due to its high initial costs and 
setup requirements. Radiation safety is another concern 
with its use. Lastly, irrespective of whether the particles are 
scanned individually or collectively, the process of creating 
3D digital representations of particles for shape analysis 
typically results in large computer files to preserve detail, 
sometimes exceeding hundreds of megabytes or even giga-
bytes per particle. For example, the 382 publicly available 
3D particle files in the NSF DesignSafe-CI repository 
comprise 188 gigabytes, with an average of approximately 
500 megabytes per file (Tripathi et al., 2023).

A 3D shape analysis is also costly due to the algorithmic 
complexities involved in quantifying a shape stemming 
from the intricacies of 3D analysis (Hu et al., 2023; Lee et 
al., 2005). Digitally captured 3D particle geometries have 
been modeled in various ways, including as sphere clumps 
(Zhao et al., 2021), polyhedrons (Chen et al., 2018; Huang 
and Tutumluer, 2014), and 3D spherical harmonic (SH) 
representations (Jia and Garboczi, 2016; Su and Yan, 
2018a; Zhou et al., 2015), among others. These methods 
necessitate additional mathematical operations compared 
with their 2D counterparts, such as circle clumps, poly-
gons, and 2D Fourier-based models. For a state-of-the-art 
review of these modeling strategies, please refer to the 
discussions by Augarde et al. (2021) and Zhao et al. (2023).

3. 2D shape analysis
3.1 2D shape descriptors

The history of 2D shape analysis based on projected 
particle images dates back nearly a century to pioneering 
work by Wentworth (1923), Cox (1927), Tickell (1931), 
Wadell (1932, 1935), and others. Tickell (1931) introduced 
a shape descriptor known as area circularity (ca), which 
compares two areas, as detailed in Eqn. (4). Wadell (1933) 
introduced a measure, then termed degree of circularity 
(cp), which is now commonly referred to as perimeter cir-
cularity (to distinguish it from various circularities intro-
duced since then in the research community), which 
compares two perimeters, as shown in Eqn. (5). Wadell 
(1933, 1935) introduced another descriptor (cd), referred to 
as diameter circularity, which is defined based on two di-
ameters, as shown in Eqn. (6). While cd is computed based 
on diameter, it requires calculating the area of the projected 
particle to determine the diameter of a circle with the same 
area. Therefore, the adoption of these methods was limited 
due to the need to manually determine the area and perim-
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eter of the projected particle. Although these measurements 
could be performed using tools such as a planimeter or an 
opisometer, their widespread use was hindered by the 
time-consuming nature of the measurement process. In-
spired by cd, Riley (1941) proposed the inscribed circle 
circularity (cc), as shown in Eqn. (7). Unlike ca, cp, or cd, 
the shape descriptor cc does not require measurement of the 
area or perimeter, eliminating the need for a planimeter or 
opisometer; thus, it has been favored in practice due to its 
simplicity of measurement and ability to deliver results 
similar to those of cd (Blott and Pye, 2007). Another tradi-
tional circularity is cwl in Eqn. (8), known as width-to-
length ratio circularity, which quantifies a particle shape 
by comparing two principal dimensions. A schematic of the 
2D shape analysis is shown in Fig. 7, where the raw projec-
tion image is binarized to capture the outline and geometric 
parameters are then applied to evaluate the circularity. It is 
worth noting that in the original publications, some of these 
metrics are referred to as sphericities, not circularities. 
However, to emphasize their 2D nature and avoid confu-
sion with 3D sphericities, we refer to them as circularity in 
this review.

ca = a / acc (4)
cp = pc / p (5)
cd = dc / dcc (6)
cc = (dci / dcc)1/2 (7)
cwl = d2 / d1 (8)

In Eqns. (4) to (8), the variables are defined as follows:
a is the projection area of a particle.
acc is the area of the smallest circle circumscribing a parti-
cle.
pc is the perimeter of a circle with the same area as the 
projected particle.
p is the perimeter of the projected particle.
dc is the diameter of a circle with the same area as the pro-
jected particle.
dcc is the diameter of the smallest circumscribing circle.
dci is the diameter of the largest inscribed circle.

d1 is the largest dimension of the particle.
d2 is the width of a particle, orthogonal to d1.

The cwl is evaluated based on two principal dimensions; 
thus, it can be perceived as a measure of 2D form. Pye and 
Pye (1943) analytically derived that cd is essentially the 
square root of cwl, indicating that cd is also a 2D form fac-
tor. They showed that dc can be expressed as the square root 
of the product of two principal dimensions of an ellipse 
with the same area, i.e., dc = (d′d″)1/2 , where d′ > d″. Sub-
sequently, by substituting a = π(dc / 2)2 and acc = π(d′ / 2)2 
into Eqn. (4), it becomes evident that ca essentially acts as 
a 2D form factor. Given the equivalence between cd and cc, 
as discussed by Riley (1941), cc can be considered a mea-
sure of the 2D form. Therefore, except for cp, the other 
circularities essentially serve as 2D form factors.

There are variations indicating circularity. For instance, 
many studies, including Bagheri et al. (2015), introduced 
Cox circularity (ccox) after Cox (1927). However, note that 
ccox is essentially the same as cp. The definition of ccox is 
provided in Eqn. (9), where a and p follow the definitions 
given in Eqns. (4) and (5). Given that a = π(dc / 2)2, it fol-
lows that 4πa = pc

2. Therefore, ccox is the square of cp. Kuo 
and Freeman (2000) also discussed this equivalency. Addi-
tionally, some articles introduced a different version of cc. 
Originally presented in the square root format as shown in 
Eqn. (7), the version without the square root is also used 
and is referred to as circle ratio sphericity (Zheng and 
Hryciw, 2015).

ccox = 4πa / p2 = cp
2 (9)

The five circularities from Eqns. (4) to (8) are the most 
commonly used circularities in the granular materials re-
search community for measuring 2D shapes (Mitchell and 
Soga, 2005; Zheng and Hryciw, 2015). An additional series 
of 2D shape descriptors have been developed in the re-
search community, expanding on traditional descriptors. 
These include shape measures using radial segments 
(Sukumaran and Ashmawy, 2001), Fourier descriptors 

dcc
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acc

p

(a) (b) (c)

Fig. 7 Schematic of 2D shape analysis: (a) raw projection image; (b) binary image derived from captured image for 2D shape analysis; and (c) geo-
metric parameters used to assess circularities.

https://doi.org/10.14356/kona.2025017


Priya Tripathi et al. / KONA Powder and Particle Journal No. 42 (2025) 37–56 Review Paper

44

(Bowman et al., 2001; Chen et al., 2022; Su and Yan, 
2018b; Wang et al., 2005), and fractal analysis (Bouzeboudja 
et al., 2022; Guida et al., 2020). A comprehensive review of 
broadly used 2D circularities and form factors is provided 
in other review papers, including those by Blott and Pye 
(2007) and Rodriguez et al. (2012).

3.2 Advances and challenges in 2D shape analysis
Modern digital imaging technology has enabled rapid 

analysis of shape and size based on 2D particle images 
(Hryciw et al., 2014). Early initiatives, such as those by 
Kwan et al. (1999), used digital particle image processing 
to analyze the shape characteristics of coarse aggregates. 
Notably, WipFrag, a commercial image-based particle ge-
ometry analyzer, has been available since the 1990s, pri-
marily for size analysis (Maerz et al., 1996; WipWare, 
2023). Subsequent developments include the Aggregate 
Image Measurement System (AIMS) (Chandan et al., 
2004; Masad et al., 2005; Masad, 2005) and its successor, 
AIMS2 (Gates et al., 2011), which were specifically de-
signed to characterize aggregate geometries. Bloom et al. 
(2010) employed an optical microscopic system consisting 
of a Nikon TS100 microscope and a Coolpix950 
2-megapixel digital camera for 2D particle geometry char-
acterization. With the advent of scanning electron micros-
copy (SEM) techniques, capturing the 2D shapes of fine 
particles has become more straightforward (Kodicherla, 
2023).

Recently, dynamic image analysis (DIA) systems have 
gained popularity in the research community. These sys-
tems allow particles to fall through a vertical chute, where 
high-resolution, high-speed cameras optically capture them 
for further geometric analysis. Several commercial prod-
ucts such as QICPIC (Sympatec GmbH, 2022) have been 
used in research (Cavarretta et al., 2009; Krawczykowski et 
al., 2022; Li and Iskander, 2020; Zhou and Wang, 2017). 
Although this method provides rapid characterization, re-
searchers have noted issues associated with its somewhat 
limited resolution. Cepuritis et al. (2017) highlighted the 
limitation of accurately characterizing particles smaller 
than approximately 40 μm due to the relatively large pixel 
size of the DIA system. Li and Iskander (2021) also noted 
similar resolution limitations in their discussion of 2D DIA 
measurements.

Attempts have also been made to estimate the 3D geom-
etry of particle shapes from a single image by augmenting 
2D imaging. Montenegro Ríos et al. (2013) employed a 
light source alongside a digital camera system to estimate 
the third dimension based on projected shadows. Addition-
ally, Zheng and Hryciw (2017) introduced a stereophotog-
raphy approach for estimating the third dimension of 
particles.

An advantage of 2D analysis includes its potential to 
conveniently analyze shapes from field photographs, such 

as those taken from stockpiles, making it useful for field 
inspections and on-site geometry quantification (Moaveni 
et al., 2013; Tutumluer et al., 2017). The process involves 
an image segmentation phase to identify individual parti-
cles in the photo, followed by 2D shape analysis to quantify 
the geometry. Various image segmentation algorithms and 
software are available, including the watershed segmenta-
tion algorithm (Vincent and Soille, 1991), which effec-
tively isolates individual particles in an image. With recent 
advances in AI/ML techniques, image segmentation has 
become more convenient, as demonstrated by tools such as 
Meta AI’s Segment Anything (Meta, 2023). Fig. 8 shows 
an example in which different colors indicate the seg-
mented particles. Nevertheless, perfecting this process for 
analyzing particle geometry in the field is ongoing, with 
limited success. Challenges such as inaccuracies caused by 
shadows and occlusion, where particles are partially ob-
scured by nearer particles in the images, require further in-
vestigation in future. Consequently, 2D shape analysis is 
still predominantly conducted in a laboratory environment.

The major disadvantage of 2D shape analysis is its sus-
ceptibility to changes in viewpoint and sensitivity, resulting 
in analysis outcomes that depend on how a particle is pro-
jected (Alshibli et al., 2015; C.H. Lee et al., 2022; Li 
Lianghui et al., 2023; Zheng et al., 2021). This limitation 
can be addressed by capturing a sufficient number of 2D 
images for each particle and repeating this process for a 
large number of particles to achieve statistical significance 
(Cepuritis et al., 2017); however, this approach compro-
mises the primary advantages of 2D analysis—speed, sim-
plicity, and convenience. Given the uncertainties regarding 
the required number of 2D samples per particle, research-
ers have made different and often contradicting sugges-
tions. Xie et al. (2020) suggested using three orthogonal 
projections, although they acknowledged the practical dif-
ficulties in field applications and therefore recommended 
using three maximum-area and three minimum-area pro-
jections as alternatives. Li Linzhu et al. (2023) employed 
Digital Image Analysis (DIA) with 8 to 12 projections per 

Fig. 8 Image segmentation performed on a photo using the Segment 
Anything code. The raw photo was taken from DepositPhotos (2014) and 
used under its standard license.
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particle, but they argued that this number may not suffi-
ciently capture the 3D geometry of particles. Zhao et al. 
(2021) reported that even 50 2D projection images may not 
faithfully represent 3D particle geometry. Attempts have 
also been made to optimize the number of particle projec-
tions required for effective and efficient 2D characteriza-
tion (Křupka and Říha, 2015). In general, 2D shape 
analysis compromises accuracy and a comprehensive un-
derstanding of 3D particle geometry, in favor of speed and 
convenience.

4. Correlation between 3D and 2D shape 
measures

4.1 Approaches and challenges in estimating 3D 
shape from 2D images

There has been a growing interest within the research 
community in bridging the gap between 3D and 2D shape 
analyses due to their distinct strengths and limitations. This 
interest stems from the vision to leverage the speed and 
simplicity of 2D analysis while obtaining the accuracy of 
3D analysis. Efforts to achieve this integration include the 
development of a 2D-to-3D conversion database via parti-
cle sampling. This process begins by conducting 3D imag-
ing to digitally represent the 3D particle geometry, 
followed by creating a series of 2D projections to generate 
a set of 2D digital images. These images were then ana-
lyzed to develop a conversion database that could later be 
used to estimate 3D geometry from 2D images (Ueda, 
2020; Ueda et al., 2019; Wang et al., 2019). However, 
opinions vary regarding the efficacy of this approach. Stud-
ies investigating this relationship have reported a range of 
conclusions, from limited effectiveness to highly promising 
results, indicating a complex and evolving understanding 
of the potential for integrating 2D and 3D shape analyses.

Many studies have concluded that using 2D shape pa-
rameters, obtained from projected particle images, to esti-
mate 3D shape properties is inherently limited, as capturing 
the full complexity of a 3D shape by a 2D particle image, 
or even a set of 2D images, cannot adequately represent all 
dimensions (Alshibli et al., 2015; Bouzeboudja et al., 2022; 
Fonseca et al., 2012; Hu et al., 2023; Jia and Garboczi, 
2016; C.H. Lee et al., 2022; Li Lianghui et al., 2023; Li 
Linzhu et al., 2023; Li and Iskander, 2021; Maroof et al., 
2020; Su et al., 2019; Sun et al., 2014; Zheng et al., 2021). 
The 2D shape analysis captures only the planar geometry 
attributes of a particle, thereby missing critical information 
about its 3D geometry. Additionally, 2D descriptions are 
dependent on viewpoint, which can compromise the reli-
ability of shape characterization.

Nevertheless, many other studies have demonstrated the 
significant potential of using 2D particle images to estimate 
3D shapes, often reporting a strong correlation between 3D 
and 2D shape analysis results. This suggests that the rela-
tionship between 3D and 2D geometry measures could be 

leveraged in a 2D-to-3D approach, indicating a viable 
pathway for reasonably deriving 3D shape properties from 
2D data (Cavarretta et al., 2009; Cepuritis et al., 2017; Han 
et al., 2023; Kaviani-Hamedani et al., 2024; Krawczykowski 
et al., 2022; Kutay et al., 2011; Lu et al., 2022; Masad et al., 
2005; Ozturk and Rashidzade, 2020; Sandeep et al., 2023; 
Suh et al., 2017; Xie et al., 2020; Zhao et al., 2021; Zheng 
et al., 2019).

The granular materials research community has devel-
oped a diverse array of shape descriptors (Alshibli et al., 
2015; Chandan et al., 2004; Fang et al., 2022; Hu et al., 
2023; Kong and Fonseca, 2018; S.J. Lee et al., 2022; Su et 
al., 2020a; Sun et al., 2014; Xiao et al., 2020). The large 
number of currently available descriptors can be over-
whelming and can even lead to confusion (Cavarretta et al., 
2009; Maroof et al., 2020). As a result, the correlation be-
tween 3D and 2D shape measures, whether strong or weak, 
often hinges on the specific shape descriptors selected from 
the available array. For instance, Ozturk and Rashidzade 
(2020) noted a good correlation between 3D sphericity and 
2D circularity measures they selected for their study. How-
ever, they found no significant correlation with the form 
factors, demonstrating that the effectiveness of using 2D 
data to estimate 3D shapes varies depending on the descrip-
tor employed.

For a successful 2D-to-3D approach, the ‘mean’ value of 
2D shape measures obtained from a set of 2D images 
should have a strong relationship with the 3D shape mea-
sure. For example, by capturing ten 2D projection images 
of a particle from various viewpoints and evaluating the 2D 
shape using a circularity descriptor, one should find that the 
mean value of these circularity measurements strongly 
correlates with the 3D shape measurement across all sam-
ple particles. This indicates a robust correlation between 
2D circularity and 3D shape measure, fulfilling a necessary 
condition for the 2D-to-3D approach. At the same time, it is 
equally important that the 2D shape measures exhibit a low 
‘variance’ and remain insensitive to changes in viewpoints. 
Even if 2D shape measures show a strong mean relation-
ship with 3D measures, high variance caused by differing 
viewpoints requires capturing many 2D images to estimate 
a 3D shape accurately and reliably. Such requirement could 
limit the practicality and efficiency of the 2D-to-3D ap-
proach because the need for more images complicates the 
process and reduces its overall feasibility. For instance, 
Zheng et al. (2021) reported that the variation in the data 
obtained from random-projection tests was too substantial 
to reliably infer 3D particle shapes. This problem is inher-
ently an ill-posed problem because the variance arises 
solely from 2D images despite the corresponding 3D de-
scriptor exhibiting zero variance. Consequently, this vari-
ability has led some researchers to view the 2D-to-3D 
approach skeptically due to significant data scatter, despite 
the strong correlation between the mean values of 2D and 
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3D shape measures.
Therefore, to establish a reliable 2D-to-3D relationship 

for 3D shape estimation from a 2D particle image, or at 
most a couple of images, it is essential to identify a set of 
2D and 3D shape descriptors that address both criteria re-
garding ‘mean’ and ‘variance’. Specifically: (i) when mul-
tiple 2D projection images are available, the mean value of 
the 2D shape measures should exhibit a strong relationship 
with the measures from the 3D shape descriptor, and (ii) the 
2D shape measures must be minimally sensitive to varia-
tions in viewpoint to ensure consistent results, although 
determination of the satisfactory tolerance may depend on 
the cases. The achievement of a relatively low variance in 
2D shape measures is critical for minimizing discrepancies 
in quantifying a shape, thereby enhancing the reliability of 
3D shape estimation. If such a set of 2D and 3D shape de-
scriptors can be identified, it will be possible to confidently 
use a smaller number of 2D particle images, ideally even a 
single random 2D image, for accurate 3D shape estimation.

4.2 Correlation between 3D true sphericity and 
2D perimeter circularity

As discussed in Section 3.1, ca, cd, cc, and cwl function as 
2D form factors. According to our comprehensive review, 
no meaningful correlation has been identified between 
these circularities and a 3D form factor. The 3D form is 
characterized using three principal dimensions to measure 
equidimensionality in three directions, whereas the 2D 
form relies on only two principal dimensions from the 
projected particle image. Thus, this inherent limitation re-
stricts the accuracy of estimating 3D form from 2D form 
measurements.

On the other hand, a number of studies have observed a 
modest-to-good correlation between 2D perimeter circular-
ity (cp) and 3D true sphericity (S), commonly showing that 
the mean values of cp correlate well with S (Cavarretta et 
al., 2009; Han et al., 2023; Rorato et al., 2019; Sandeep et 
al., 2023; Su and Yan, 2020; Xie et al., 2020; Zheng et al., 
2019). For example, Sandeep et al. (2023) demonstrated 
that S was more closely related to cp than to other circular-
ities. The higher correlation likely stems from the equiva-
lence of their definitions across the different spatial 
dimensions. In 2D space, the projected area captures the 
object’s footprint, and the perimeter defines its boundary. 
In parallel, in 3D space, the volume captures the full extent 
of an object, and the surface area defines its boundary. Ac-
cordingly, the definition of cp, as presented in Eqn. (5) 
serves as the 2D counterpart of S in Eqn. (1). Wadell 
(1933) indeed introduced both 3D true sphericity (S) and 
2D perimeter circularity (cp) using similar notations, im-
plying that cp was developed as a 2D version of S (see 
pages 317 and 321 to compare the definitions in the article). 
Rorato et al. (2019) also noted that perimeter circularity is 
the 2D descriptor that best correlates with true sphericity, 

reflecting the equivalence of their definitions in 2D and 3D. 
Therefore, among the traditional circularities discussed in 
Section 3.1, cp is unique in that it serves as a 2D version of 
true sphericity.

If the mean of cp demonstrates good correlation with S, 
then it is essential to assess how sensitive cp is to random 
projections. A recent study by Lee et al. (2022) reported 
that cp showed the smallest variance compared with other 
classical 2D shape descriptors, indicating its relatively low 
sensitivity to how a particle is projected. This indicates that 
cp can be reliably used to estimate 3D shape from 2D im-
ages, highlighting its potential for robust 3D shape analysis 
based on random 2D projections. Bagheri et al. (2015) is 
another study that confirmed a strong correlation between 
the mean values of cp and S, while emphasizing that the 
standard deviation of cp data is notably low. (They analyzed 
ccox, which is the square of cp.) The study suggested that if 
cp is employed, the use of a minimum number of projection 
images—specifically two projections, including minimum 
and maximum projections, or three perpendicular projec-
tions—can achieve an optimal balance between efficiency 
and accuracy. This approach was found to limit the maxi-
mum error to less than 10 %, even when compared to sce-
narios utilizing up to 1000 projections, demonstrating that 
cp maintains a relatively invariant nature regardless of how 
a particle is projected. This consistency implies that a lim-
ited number of 2D projection images can effectively esti-
mate a 3D shape using cp due to its low variance and strong 
correlation with S.

Wadell originally developed 2D circularities, cp and cd, 
to address the practical challenges associated with measur-
ing 3D surface areas for quantifying particle shapes as de-
fined by true sphericity S (Hayakawa and Oguchi, 2005; 
Howarth, 2017). With 3D imaging tools, it is now possible 
to evaluate 3D particle geometry in terms of S with high 
accuracy. These techniques present an opportunity to re- 
examine the correlation between 2D circularity and 3D 
sphericity, particularly between cp and S, given their defini-
tional equivalency. Establishing a strong correlation be-
tween these shape measures will significantly enhance the 
accuracy of estimating 3D shape from random projection 
2D particle images.

5. Demonstration
To further substantiate the findings from the literature 

review, a series of shape analyses is conducted to determine 
(i) whether there is a strong correlation between 3D true 
sphericity (S) and the mean of 2D perimeter circularity (cp), 
among others, and (ii) whether the variance of cp is mini-
mal compared to those of other 2D shape measures, thereby 
making it a more reliable predictor of 3D shape from any 
2D projection image.
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5.1 3D and 2D shape analyses
This study analyzes an extensive dataset of 382 mineral 

particles sourced from Florida and Virginia. All particles 
from Florida in this dataset are limestone, while all  
particles from Virginia are freshly crushed granite sourced 
from a quarry in Richmond, Virginia. The Florida lime-
stone (FL) particles are composed of three groups: FL-A, 
FL-B, and FL-C. The FL-A group consists of 100 lime-
stone particles selected from a batch provided by the Flor-
ida Department of Transportation (FDOT) from District 
Four and Six regions in South Florida. The FL-B and FL-C 
groups, supplied by Titan America LLC, each comprises 50 
particles sourced from the same limestone quarry and pro-
cessed using different crushers. The Virginia granite (VG) 
particles, also provided by Titan America LLC, are com-
posed of two groups: VG-A and VG-B. The VG-A group 
includes 100 randomly selected granite particles, while 
group VG-B consists of 82 particles containing crushed 
particles from the same granite batch. Therefore, the data-
set comprises five distinct groups of 382 particles.

5.1.1 3D shape analysis procedure
Each particle is individually scanned to digitally repre-

sent the 3D geometry using a Polyga C504 structured light 
(SL) 3D scanner. This scanner is capable of scanning ob-
jects ranging from 5 to 30 mm in size with high resolution 
and accuracy, down to 6 microns (Polyga, 2021). The 
scanning setup is shown in Fig. 9. Each particle is placed 
on a small clump of putty to scan one side of its surface at 
a time (Fig. 9a). The particle is rotated while the 3D scan-
ner, which is positioned directly above, captures its geom-
etry from all corners to ensure comprehensive coverage 
(Fig. 9b). The particle is turned upside down, and scanning 
continues to ensure that all sides are captured thoroughly. 
Approximately 15 to 20 scans are performed per particle to 

complete the process. The scanned partial geometries are 
merged to create a 3D digital particle that realistically rep-
resents the original particle (Fig. 9c), for which the com-
panion software FlexScan3D is employed. The 3D digital 
particle is created in the Wavefront .obj file format. The 3D 
particle geometry attributes, including surface area (A) and 
volume (V), are measured using the 3D print toolbox in 
Blender (2022), an open-source 3D computer graphics 
software. An advantage of SL scanning is that it performs 
3D scanning at a 1-to-1 scale, which means that the cap-
tured 3D digital particle is the exact size of the original 
particle (Lansdown, 2019). As a result, the particle surface 
area and volume can be directly obtained from 3D digital 
particles without the need for re-scaling. These values are 
then used to compute the true sphericity (S) per Eqn. (1). 
Listing the 3D geometry information obtained for all 382 
particles is extensive, but readers can directly refer to the 
dataset, which is publicly available in the NSF Design-
Safe-CI data repository (Tripathi et al., 2023).

5.1.2 2D shape analysis procedure
Ten 2D projection images are captured from random 

viewpoints for each particle using ParaView (Kitware Inc., 
2022), as illustrated in the first row of Fig. 10. A custom 
Python script is developed to automate this random projec-
tion process in batch mode. Subsequently, each 2D image 
is converted into a binary format with the background in 
white and the foreground (particle) in black to capture the 
outline geometry, as depicted in the second row of Fig. 10. 
OpenCV (2023) is used for this binary conversion. This 
process generates 3820 2D projection images. These 2D 
binary images are then used to analyze the 2D shape in 
terms of five commonly used circularities, ca, cp, cd, cc, and 
cwl, as shown in Eqns. (4) to (8). The 2D analysis uses 
MATLAB code developed by Zheng and Hryciw (2016), 

(a) (b) (c)

Fig. 9 3D scanning of a particle: (a) particle placed on putty; (b) 3D scan conducted using Polyga C504 SL 3D scanner; and (c) digitally represented 
3D particle (shown on the screen); image source: Tripathi et al. (2023), available under the Open Data Commons Attribution License.
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originally developed as a companion code to their earlier 
work (Zheng and Hryciw, 2015). The circularity measure cc 
computed by this code differs from the original definition 
by Riley (1941) as per Eqn. (7). Therefore, the code is 
modified to align with Riley’s original formulation. The 
mean and standard deviation of the circularity measures are 
then computed for each particle.

5.2 Analysis results
The analysis results for the five particle groups, FL-A, 

FL-B, FL-C, VG-A, and VG-B, are presented in Figs. 11–
15. Each data point in the figures represents the shape 
analysis result for a particle. Fig. 16 aggregates the data for 
all five particle groups. In the figures, the x-coordinate of 
the data point represents the mean (μ) of circularities eval-
uated from ten 2D projection images of each particle. 
These are assessed using five circularity measures: ca, cp, 
cd, cc, and cwl, as shown in the figures. In the first-row fig-
ures, the y-coordinate represents the evaluated true spheric-
ity (S), comparing the mean circularity values with S. The 
blue line in the figure indicates the regression line for the 
data points, and the coefficient of determination (R2) indi-
cates the data’s coherence with the regression line. In the 

second-row figures, the y-coordinate represents the stan-
dard deviation (σ) of circularities, evaluated from the ten 
2D projection images of each particle. This comparison 
highlights how standard deviations relate to mean values.

From all first-row figures in Figs. 11–16, it is apparent 
that the mean of cp values, μ(cp), demonstrates a relatively 
strong linear relationship with S, with the data points clus-
tered coherently along the regression line. Compared with 
the other circularity measures, cp consistently exhibits the 
highest R2 value across all five particle groups. This indi-
cates the reliability of using cp as a predictive measure, as 
evidenced by prior studies. Furthermore, from all second- 
row figures, it is evident that the distributed values of the 
standard deviation of cp, σ(cp), are significantly lower than 
those of other circularity measures. This indicates that a 
random 2D projection image yields a comparable cp value, 
demonstrating its insensitivity to viewpoint changes around 
a particle. However, the other circularities, ca, cd, cc, and 
cwl, do not exhibit a strong linear relationship with S as 
compared with cp, as indicated by the low R2 values and 
high data scatter. This lack of correlation may be explained 
by the fact that ca, cd, cc, and cwl function as 2D form fac-
tors, whereas cp acts as the 2D analog of true sphericity, 

Fig. 10 Ten 2D projection images of a VG-A particle.
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Fig. 11 2D and 3D shape analysis results for FL-A particles. (a) Mean (μ) of 2D circularities vs. 3D true sphericity S, (b) mean (μ) vs. standard devi-
ation (σ) of 2D circularities.
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supporting why cp correlates well with S. The standard  
deviations of ca, cd, cc, and cwl are also significantly higher 
than σ(cp), because these measures rely on two principal 
dimensions from the projected particle image, leading to 
high variability depending on the viewpoint.

In summary, the low σ(cp) indicates that a small number 
of 2D projection images can effectively estimate cp that 
closely approximates μ(cp) for each particle, thus eliminat-
ing the need to evaluate many 2D projection images to get 
μ(cp). The strong linear relationship between μ(cp) and S, 
accompanied by limited data scatter along the regression 
line, supports the feasibility of high-fidelity estimation of S 

from cp. For example, the regression line for FL-A in 
Fig. 11(a) can be expressed as S = 1.48 × μ(cp) – 0.56. 
Given the low σ(cp), this can be approximated as S ~ 
1.48 × cp – 0.56. This approach provides a fast and reliable 
method for estimating a 3D shape in terms of S from the 2D 
perimeter circularity, cp, obtained from a 2D particle image.

6. Concluding remarks
Particle shape significantly influences the behavior and 

properties of granular materials, highlighting the impor-
tance of shape characterization. This characterization has 
been conducted through either 3D or 2D analysis, each  
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Fig. 12 2D and 3D shape analysis results for FL-B particles. (a) Mean (μ) of 2D circularities vs. 3D true sphericity S, (b) mean (μ) vs. standard devi-
ation (σ) of 2D circularities.
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Fig. 13 2D and 3D shape analysis results for FL-C particles. (a) Mean (μ) of 2D circularities vs. 3D true sphericity S, (b) mean (μ) vs. standard devi-
ation (σ) of 2D circularities.
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offering distinct methodologies and associated trade-offs. 
Although 3D analysis provides greater accuracy by captur-
ing the complete geometry of particles, it is more time- 
consuming and computationally expensive. In contrast, 2D 
analysis is simpler and faster, suitable for rapid assessment 
but less effective for providing a comprehensive under-
standing of 3D geometry. These distinct strengths and lim-
itations have ignited interest within the granular materials 
research community to explore the correlation between 3D 
and 2D shapes, potentially enabling more efficient estima-
tion of 3D shape from a 2D particle image or images. In 
response to this research interest, this paper comprehen-

sively reviews previous studies to identify a set of 3D and 
2D shape measures that best correlate with each other, 
aiming to bridge the gap between these two approaches.

Particle shapes are commonly characterized by large-
scale properties such as form and true sphericity and local 
scale properties such as roundness and surface texture. This 
review focuses on larger scale shape properties, as they are 
more critical for understanding 3D shape characteristics. 
The literature review reveals a lack of meaningful correla-
tion between 3D and 2D form factors, primarily because 
the 2D form is measured using only two principal dimen-
sions from the projected particle image, while the 3D form 
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Fig. 14 2D and 3D shape analysis results for VG-A particles. (a) Mean (μ) of 2D circularities vs. 3D true sphericity S, (b) mean (μ) vs. standard de-
viation (σ) of 2D circularities.
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Fig. 15 2D and 3D shape analysis results for VG-B particles. (a) Mean (μ) of 2D circularities vs. 3D true sphericity S, (b) mean (μ) vs. standard de-
viation (σ) of 2D circularities.
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is defined using aspect ratios based on three principal  
dimensions. This limitation restricts the accuracy of esti-
mating 3D form from 2D random projection images. On 
the other hand, true sphericity measures how closely a 
particle’s shape approximates that of a perfect sphere. 
From the comprehensive literature review, this study finds 
that previous research has reported a good correlation be-
tween true sphericity (S) and perimeter circularity (cp). This 
correlation exists because cp acts as the 2D analog of S; true 
sphericity (S) is calculated based on the particle’s surface 
area, whereas cp is derived using a similar definition, em-
ploying the perimeter of the projected particle to mirror the 
role of surface area in S. Therefore, these definitions create 
a natural equivalence across the different spatial dimen-
sions. Furthermore, S quantifies a comprehensive aspect of 
shape by measuring equidimensionality in all directions, 
unlike form measurements that are limited to only three 
directions. The 2D image retains geometric characteristics 
that facilitate partial evaluation of equidimensionality in all 
directions, which supports the strong correlation between 
true sphericity and perimeter circularity.

It is also worth noting that true sphericity (S) should be 
distinguished from other sphericity measures such as inter-
cept sphericity (Ψ), even though S was originally proposed 
as a shape descriptor to measure sphericity. Conventional 
sphericity measures are often considered form factors be-
cause they can be calculated using the three principal di-
mensions, independent of local shape features such as 
roundness. However, true sphericity is influenced by both 
form and roundness because it evaluates a more compre-
hensive aspect of shape by measuring equidimensionality 
in all directions. This highlights the need to treat true sphe-
ricity as a distinct fourth aspect of shape. This differentia-

tion extends to 2D circularities: commonly used circularities 
such as ca, cd, cc, and cwl function as 2D form factors be-
cause they can be defined using two principal dimensions 
from a projected particle image. In contrast, cp and ccox 
(essentially cp squared) serve as 2D analogs of true spheric-
ity.

This study further validates the correlation between S 
and cp by analyzing approximately 400 mineral particles. A 
robust linear relationship is evident between the mean of cp 
values and S, which is characterized by high R2 values and 
limited data scatter. In addition, the standard deviations of 
cp are significantly lower than those of other circularities, 
indicating its insensitivity to viewpoint changes around a 
particle. This finding underscores the potential of using 
some 2D particle images to effectively and efficiently esti-
mate 3D particle shape based on the 2D-to-3D relationship 
between cp and S. This approach combines the speed and 
simplicity of 2D analysis with the accuracy of 3D analysis. 
We encourage the granular materials research community 
to further investigate the implications of the findings pre-
sented in this paper.
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Fig. 16 2D and 3D shape analysis results for all 382 particles. (a) Mean (μ) of 2D circularities vs. 3D true sphericity S, (b) mean (μ) vs. standard de-
viation (σ) of 2D circularities.
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Integrating Flow Testing and Particle Imaging: Advances in 
Characterising Granular Flows †
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In this study, we explore the intersection of mechanical testing and particle imaging 
techniques, offering a new perspective on granular material science. We examine a range 
of flow testers, such as the Schulze shear tester, FT4 powder flow tester, and split-bottom 
tester, each of which provides valuable insights into how materials respond to compression 
and shear forces. Simultaneously, we discuss imaging techniques such as refractive index 
matching, MRI, and X-ray imaging, revealing their capacity to capture the intricate 
behaviours of particles and flow dynamics at a microscopic level. This combination of 
macroscopic flow testing and microscopic imaging promises to unlock unprecedented 
insights into granular materials and complex fluids. Furthermore, we discuss the current 
challenges in imaging granular flows and recent advances in coupling flow tests with 
particle imaging.
Keywords: flow tester, particle imaging, flow dynamics, granular materials, material 
science

1. Introduction
Powders and granular materials are integral components 

in the production of everyday products, playing a pivotal 
role across various industrial sectors, spanning from the 
food industry (Cataldo et al., 2009), pharmaceuticals 
(Wang et al., 2016), ceramics (Curran et al., 1993), battery 
assembly (Gaitonde, 2016), and glue production (Duran, 
2012). In these applications, the handling, flow, and com-
paction properties of powders and granular materials is of 
paramount importance. A profound understanding of their 
behaviour under shear and compression is indispensable 
for optimising industrial processes, ensuring product qual-
ity, and enhancing overall efficiency (Mesri and 
Vardhanabhuti, 2009). To gain such insights, one can rely 
on a diverse array of techniques and instruments, enabling 
researchers to probe the mechanical response and structural 
characteristics of granular materials.

In addition, particle imaging techniques have emerged as 
indispensable tools for understanding the dynamic be-
haviour of granular materials (Clarke et al., 2023), particu-
larly due to the inhomogeneous and anisotropic flow 
properties exhibited by these materials. These techniques 

encompass a range of methodologies, including digital im-
age correlation, particle tracking velocimetry, and X-ray 
tomography (Vego et al., 2022). They provide researchers 
with the capability to visualise and track individual parti-
cles within granular assemblies, allowing for the direct 
observation of important variables such as particle motion, 
packing density, packing structures, and flow patterns. 
Particle imaging techniques are particularly valuable in the 
context of granular material flow because they offer in-
sights into phenomena such as particle rearrangements 
(Chen et al., 2021), shear banding (Wang et al., 2022a), and 
interparticle interactions (Wiebicke et al., 2020). By inte-
grating mechanical testing with particle imaging, we can 
bridge the gap between macroscopic and microscopic ob-
servations, leading to a more comprehensive understanding 
of how granular materials respond to external forces.

The primary objective of flow testing is to characterise 
the flow behaviour of powders and granular materials—an 
essential facet of powder properties that requires compre-
hensive understanding. Flow testing involves the measure-
ment of stress in multiple directions or planes, along with 
strain and flow rates. It allows for the manipulation of var-
ious experimental variables, including boundary conditions 
(e.g., slip, no slip, partial slip, fluidity) and rigidity (e.g., 
constant pressure vs. constant volume). However, selecting 
an appropriate flow tester presents a significant challenge 
because the choice depends on the specific experimental 
conditions, including the size constraints of the shear cell 
relative to the particle sizes used. Size effects also play a 

† Received 17 February 2024; Accepted 15 April 2024
 J-STAGE Advance published online 10 August 2024
* Corresponding author: Joshua. A Dijksman;
1 Science Park 904, 1098 XH Amsterdam The Netherlands
2 Helix Building, 6708 WK Wageningen, The Netherlands
 E-mail: j.a.dijksman@uva.nl
 TEL: +31-20-525-6311

Imaging

FN

Bulk solid

Flow

Imaging

?τ

https://doi.org/10.14356/kona.2025014


Zohreh Farmani et al. / KONA Powder and Particle Journal No. 42 (2025) 57–78 Review Paper

58

crucial role in many flow properties; however, for very 
small particle sizes, the container size’s impact is minimal. 
Nonetheless, the issue of size effects merits thorough dis-
cussion and consideration. Therefore, it is imperative to 
classify the various types of shear and compression testers 
available. Additionally, flow testers tend to become known 
in a particular sub-field of science and engineering, limit-
ing the reach of the results obtained from such work.

This review paper provides a comprehensive examina-
tion of two key aspects in the study of granular materials: 
flow testing methodologies and particle imaging tech-
niques. By categorising, explaining, and critically assess-
ing these methods from a range of different fields, we aim 
to offer a valuable resource for researchers and engineers 
working in the field of granular materials. We also address 
the typical challenges that one might encounter in the im-
aging of granular materials, offering insights into how to 
navigate and overcome these hurdles effectively. Finally, 
we provide a comprehensive overview of the recent ad-
vances in imaging particulate systems. These include the 
following: 1) X-ray rheography, which enables the study of 
continuous granular flows; 2) the utilisation of multiple 
imaging methods, combining various techniques to align 
with specific research goals; 3) ultrafast electron beam 
X-rays, allowing for time-resolved imaging of dynamic 
processes; and 4) rheo-MRI, a method that has recently at-
tracted significant attention due to its capacity to provide 
detailed insights into the rheological properties of a system 
while simultaneously offering dynamic imaging capabili-
ties.

2. Confined flow testers
As illustrated in Fig. 1, flow testers can generally be 

categorised into two main groups: direct and indirect ap-
proaches. In direct shear testers, the direction of applied 
stress is not fixed, whereas in indirect methods, the applied 
stress remains constant, allowing for the control and direct 
measurement of principal stresses and deformations. The 
subgroups of direct methods are further divided into trans-
lational and rotational categories. In translational shear 
testers, relative displacement occurs in a straight-line mo-
tion, as typified by the Jenike shear tester (Jenike, 1964). 

On the other hand, rotational shear testers feature the top 
part of the cell rotating relative to the bottom part, and these 
can be further divided into torsional (Orband and Geldart, 
1997) and ring shear testers (Schulze, 2011). Torsional 
testers involve shear deformation by rotating particles 
around the vertical axis, whereas ring shear testers have 
annular shapes that promote more homogeneous deforma-
tion (Sun, 2016). In the indirect group, testers like uniaxial, 
triaxial, and biaxial testers play a crucial role in studying 
the deformation properties of granular materials.

To study granular flows while maintaining reasonable 
control over boundary conditions and achieving quasi- 
two-dimensional flow profiles, one can turn to classical 
rheological geometries. Examples include parallel-plate 
(PP) (Lu et al., 2007), cone-plate (CP), and double-cone 
(DC) geometries (Tsai et al., 2020). These geometries al-
low for the control of shear and normal stresses on the 
bottom and top walls, with the imposed strain rate being 
independent of the radial position. Consequently, the in-
duced flow profiles exhibit radial symmetry, at least in 
steady-state conditions, and even an up–down symmetry in 
the case of double-cone geometry when gravity can be ne-
glected. These profiles can be accurately and relatively 
easily measured over a wide range of flow rates (Boyer et 
al., 2011; Tsai et al., 2020). Another example of such flow 
tests is a hopper flow tester. Extensive research has been 
conducted on both 2D (Wang et al., 2021) and 3D 
(Stannarius et al., 2019b) hopper configurations to investi-
gate the influence of various parameters. These parameters 
include the hopper’s height (Tsai et al., 2020), which af-
fects the gravitational forces and pressure on the materials, 
and the angle of the hopper walls (Guo et al., 2023), which 
influences flow dynamics, the presence of an obstacle 
(Wang et al., 2022b), which affects the stress gradient in the 
packing, and the inherent characteristics of the granular 
material itself, such as particle size and shape (Pongó et al., 
2022), friction, and stiffness (Stannarius et al., 2019a). All 
of these factors can significantly impact the rate and be-
haviour of the material as it flows through the hopper. 
Hoppers are also used to prepare bulk powder (e.g. in an 
angle of repose test). Nevertheless, we are not aware of 
(standardised) hopper-flow-based testers that directly 
quantify flow properties.

Probing the flow dynamics of granular materials pres-
ents a challenge, especially in the context of slow and fast 
flow limits, as defined by inertial or viscous inertial num-
bers (Boyer et al., 2011; Dijksman et al., 2010). For slow 
flows, one typically employs boundary motion, slowly 
shifting a container’s boundary containing grains. Stress 
and flow profiles become independent of the flow rate, of-
ten resulting in localised shear bands near the moving 
boundaries. Geometries like the split-bottom Couette ge-
ometry or its variants (Dijksman and van Hecke, 2010) al-
low the imposition of specific flow boundary conditions 
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Fig. 1 Overview of existing flow testers, including direct and indirect 
testers and bulk and boundary flow testers.
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that induce wide shear zones away from boundaries. How-
ever, these flow profiles are fully three-dimensional and 
intricate, making it challenging to impose stress conditions. 
In more industrial contexts, testers designed by Jenike, 
Schulze, and others exhibit narrow shear zones and 
well-controlled stress boundary conditions (Schulze, 
2008).

For faster flow limits, inclined planes (MiDi, 2004), av-
alanche flows (Tegzes et al., 2002), hopper flows, or impact 
tests (Faug, 2020) are employed. Although these setups 
offer access to bulk flow behaviour, they provide limited 
control over flow profiles and boundary conditions. Finally, 
rotating drum experiments, while offering good control 
over the overall flow rate, often exhibit intricate flow be-
haviour, ranging from stick-slip to highly heterogeneous 
flow, particularly in cohesive particle systems.

Francia et al. (2021) explored innovative techniques for 
characterising granular flow transitions and noted chal-
lenges in standardisation. In another review, Ogata (2019) 
reviewed advancements in assessing cohesive powder 
flowability across various handling processes.

2.1 Jenike shear tester
The Jenike shear tester is one of the earliest and most 

widely used powder flow characterisation techniques, orig-
inally developed around 1960 by Jenike for applications in 
hoppers and silos (Jenike, 1964). This shear tester simu-
lates the flow within a hopper or silo by applying specific 
pressures that induce shear and consolidation of the pow-
ders.

A schematic of the Jenike tester is shown in Fig. 2. It 
consists of a fixed base part with a horizontally movable 
ring and a shear lid. Particles, covered with the shear lid, 
are placed inside the ring and the base. The testing process 
begins by applying a normal load to the shear lid and the 
particles using a weight hanger. To measure the shear force, 
the shear ring and lid are moved horizontally through a 
stem connected to a drive system. The bracket, shear lid, 
and shear ring transfer the measured shear force through a 
force transducer to the particles. Pre-consolidation is a 

crucial preparatory step in Jenike shear testing to establish 
a consistent and controlled initial state for the powders. 
Pre-consolidation involves subjecting the powder to a spe-
cific level of compaction or consolidation pressure before 
the actual shear test. This ensures that the limited shear 
displacement available in the tester is effectively utilised to 
study the material’s shear behaviour without interference 
from inconsistent initial packing.

Fig. 3 illustrates the stages of shear testing in the Jenike 
shear tester. Initially, there is a sharp increase in shear stress 
as time passes during the pre-shear stage. However, the 
curve gradually flattens until it reaches a plateau, indicating 
a steady-state condition. After achieving a steady state, the 
stem reverses, reducing the shear stress to zero. Subse-
quently, the stem moves forward, causing the shear stress 
to increase until it reaches a maximum peak. At this point, 
the particles begin to move and deform, leading to failure, 
after which the shear stress decreases.

The Jenike tester allows the measurement of parameters 
such as failure strength, internal friction, and wall friction 
(Grima et al., 2010; Han, 2011). Despite its simplicity, ro-
bustness, versatility, suitability for cohesive powders, and 
ability to measure wall friction, it has some limitations. The 
primary limitations of the Jenike shear tester are particle 
size (<2 mm), shear displacement (typically 6–8 mm), and 
small normal loads (<7 kPa) (Bilgili et al., 2004). To ad-
dress these limitations, annular-shaped testers, such as the 

Base

Ring

Bulk solid

Cover

Shear plane

Bracket

τ

σ

Fig. 2 Illustration of the Jenike shear tester, comprising a bracket, a 
stationary base section with a horizontally adjustable ring, and a shear 
lid by which you can impose a certain shear stress τ. The test starts by 
applying a normal load σ to the shear lid using a weight hanger.

(a)

(b)

Pre-shear Shear to
failure

Steady-state flow Incipient flow (τsh)

τ

t

Shear point Pre-shear point

τ sh
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Fig. 3 (a) Various stages of shear testing in a Jenike shear tester, from 
the pre-shear phase to shear initiation and eventual failure. (b) Mohr 
circle representation, illustrating the corresponding shear point (τsh, σsh), 
pre-shear point (τpre, σpre), compressive strength or unconfined yield 
strength σc, consolidation stress σ1, and angle of internal friction ϕ.
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Schulze shear tester, have been introduced (Schulze, 2008). 
These testers offer improved capabilities for studying pow-
ders under specific conditions and have become valuable 
tools in powder flow research.

2.2 Schulze shear tester
The Schulze shear tester, depicted in Fig. 4, features an 

annular design in which particles are placed within an an-
nular bottom ring of the shear cell. An annular lid attached 
to a crossbeam covers the particles from above. To measure 
the shear force, two parallel tie rods are connected to a load 
beam, allowing for the measurement of forces acting on the 
tie rods. The shearing test starts by rotating the bottom ring 
in a specific direction, with the tie rods preventing any ro-
tation in the crossbeam and lid. Similar to the Jenike tester, 
a normal load is applied using a weight hanger attached to 
the crossbeam. Unlike the Jenike tester, where pre- 
consolidation is required (due to limited shear displace-
ment), the Schulze shear tester eliminates this need. After 
inserting the weight hanger, counterweight system, and tie 
rods on the crossbeam, the cell is ready for the shearing 
test. The steps involved in conducting the experiments are 
illustrated in Fig. 5. During the pre-shearing phase, the 
shear stress increases with time until it reaches a maximum 
value. Subsequently, in the steady state, the rotation direc-
tion is reversed until the shear stress drops to zero. The next 
shearing step continues until another maximum shear 
stress, indicating particle flow (failure), is achieved. Test-
ing can proceed further by repeating the pre-shearing and 
shearing stages until another failure point is reached.

Two versions of the Schulze tester are currently avail-
able: the shear cell XS with a specimen volume of 30 cm3 

(RST-XS) and the shear cell M with a specimen volume of 
900 cm3 (RST-M). In 2008, a “round robin” project was 
initiated to investigate ring shear testers (Schulze, 2011). 
The primary objective of this round robin project was to 
establish a range of results for specified bulk solid, specifi-
cally limestone powder CRM-116. This initiative aimed to 
create a reference range of results, similar to what had been 
accomplished with the Jenike shear tester (Akers, 1992). 
This reference range serves as a benchmark, enabling users 
to assess whether their testing equipment can yield results 
that align with the established reference values. The round 
robin study also provides recommendations for the opera-
tional conditions of the Schulze tester.

The Schulze shear tester has been widely used in various 
research works focussed on powders and granular materi-
als. Researchers have employed Discrete Element Method 
(DEM) simulations to replicate powder flow in this tester 
(Guo et al., 2019). These simulations, conducted with 
spherical and elongated particles, serve to calibrate the pa-
rameters influencing shear flow. Key parameters, including 
particle shape, particle stiffness (Coetzee and Els, 2009), 
shear cell size (Aigner et al., 2013), shear rate, Poisson’s 
ratio, and coefficient of restitution (Wang et al., 2020), and 
particle–wall friction coefficient (Simons et al., 2015) were 
evaluated through shear tester simulations.

The Schulze shear tester offers several advantages over 
the Jenike shear tester, such as low and negative normal 
forces (<100 Pa), delicate materials, adjustable lid (more 
uniform shear distribution), lightweight design, unlimited 
shear displacement and strain, and particle size (up to 
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Fig. 4 Illustration of the Schulze shear tester, comprising an annular 
bottom ring, annular lid, crossbeam, two parallel tie rods (measuring 
two acting forces F1 and F2), load beam, and guiding rollers. Shear force 
τ is equal to F1 + F2. A normal load σ is applied using a weight hanger 
attached to the crossbeam.
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Fig. 5 Various stages of shear testing in a Schulze ring shear tester. (b) 
Mohr circle representation.
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5 mm). For very fine or very coarse materials, alternative 
testing methods may be required.

Although the Schulze shear tester is versatile, it may not 
be ideal for all types of materials. It is particularly well 
suited to bulk solids and dry powders. Materials with 
unique properties, such as highly-cohesive particles, may 
pose challenges in the testing and interpretation of results. 
Similar to many other testing methods, the Schulze shear 
tester may be sensitive to temperature and moisture levels. 
Variations in environmental conditions, such as tempera-
ture and moisture level can impact material behaviour 
during testing.

2.3 FT4 shear tester
In 2003, Freeman Technology, a company based in 

Tewkesbury, UK, introduced the FT4 powder tester 
(Freeman, 2004). Originally intended for characterising the 
rheological properties of powders, this tester has evolved to 
cover a broad spectrum of applications. Over time, it has 
incorporated various accessories and methodologies, cate-
gorising it into bulk (density, compressibility, and permea-
bility), dynamic flow (flowability, aeration, consolidation, 
flow rate, and specific energy), shear (shear cell, and wall 
friction), and process (segregation, attrition, caking, elec-
trostatics, moisture, and agglomeration) testing capabili-
ties. This versatility has resulted in a substantial body of 
work employing this shear tester (Hare et al., 2015; Khala 
et al., 2021).

The FT4 tester combines rotational and translational 
testing principles. It features a twisted blade that rotates 
and moves vertically downward and upward through the 
powder bed. A schematic of the FT4 tester is shown in 
Fig. 6. The testing procedure involves four key steps: con-
ditioning, consolidation, pre-shearing, and shearing, which 
closely mirror the procedures of other shear testers. Upon 
filling the glass cell, the blade initially descends to com-
press the powder bed. It then ascends to remove excess 
powder from the surface, creating a homogeneous layer—a 
process similar to that of the Schulze tester. Notably, the 

FT4 tester incorporates an automated conditioning mode, 
distinguishing it from other testers that require manual in-
tervention with a spatula.

During the testing procedure of the FT4 tester, after the 
conditioning step, a specific normal stress σ is applied 
during the consolidation step. Subsequently, the pre- 
shearing and shearing steps follow, analogous to the proce-
dure illustrated in Fig. 5 for the Schulze tester. This entire 
sequence can be repeated multiple times (typically 3 to 5) 
to enhance the accuracy and reliability of the results.

The FT4 shear tester is a versatile and comprehensive 
powder tester that covers a broad range of testing method-
ologies and parameters, including powder flowability, air 
flow (Nan et al., 2017b), particle shape (Nan et al., 2017a), 
dynamic flow behaviour (Hare et al., 2015; 2017), shear 
characteristics (Hare and Ghadiri, 2017), and various  
process-related attributes. In addition to the extensive vol-
ume of powder rheometry experiments conducted with 
FT4, a body of numerical research complements the exper-
imental work (Khala et al., 2021; Nan and Gu, 2020).

The FT4 tester typically operates within a maximum 
consolidation normal stress of 3–7 kPa, maximum torque 
of 900 mN∙m, and maximum rotational and axial speeds of 
120 rpm and 30 mm/s. The FT4 tester may not be suitable 
for powders with large particle sizes. Its maximum particle 
size capability is around 1 mm, which is smaller than that 
of some other shear testers like the Schulze tester (up to 
5 mm). This limitation may affect its applicability to 
coarser materials (Cordts and Steckel, 2012). In compari-
son with certain other shear testers, the FT4 tester measures 
a moderate range of shear stresses. This limitation means 
that it may not be an ideal choice for materials requiring 
very high shear stresses for characterisation.

2.4 Brookfield powder flow tester
In 2009, a powder flow tester emerged through collabo-

rative efforts between the Wolfson Centre for Bulk Solids 
Handling Technology at the University of Greenwich and 
certain private food manufacturers. The tester garnered at-
tention for its ease of use and broad applicability (Berry et 
al., 2015). While this tester’s design principles align with 
those of the Jenike tester, their primary distinction lies in 
their intended purpose, which is to tailor it for quality con-
trol applications. Numerous studies in the literature (Salehi 
et al., 2017) have now showcased industrial trial results and 
affirmed the applicability and utility of the Brookfield pow-
der flow tester.

Fig. 7 illustrates the Brookfield setup, including the flow 
function lid and trough filling accessories. Notably, the 
Brookfield tester incorporates an annular shear cell, similar 
to the Schulze tester. However, it is different in its design, 
where the lid attaches to the compression plate, facilitating 
powder filling and load application with minimal operator 
involvement. The simplicity of conducting powder  

σσ ττ

σ(a) (b) (c)

Bulk solid

Fig. 6 Schematic of the FT4 shear tester. (a) A twisted blade rotates 
vertically downward and upward (torque and force can be measured), (b) 
a vented piston can consolidate the powder under a controlled normal 
stress σ, and (c) an automated rotational shear cell accessory that can go 
inside the packing and rotate.
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rheology tests with Brookfield equipment has recently 
made it a popular choice (Leaper, 2021; Navar et al., 2022).

The Brookfield tester facilitates the measurement of 
several key parameters, including flow function, uncon-
fined failure strength, time consolidation, internal friction 
angle, cohesion, wall friction, bulk density, and compress-
ibility. In terms of the shear stress they measure, a compar-
ison reveals that the Brookfield tester measures moderate 
shear stresses compared to the Jenike and Schulze testers, 
where Jenike < Brookfield < Schulze.

However, like its counterparts, the Brookfield tester is 
not without limitations. Its primary constraint pertains to 
the maximum consolidation normal stress (4.8–13 kPa), 
which is much lower than that of the Schulze shear tester 
(50 kPa). Regarding the particle size that it can accommo-
date, one can consider Brookfield < Jenike < Schulze. This 
implies that the Brookfield tester is most suitable for mate-
rials with particle sizes up to approximately 1 mm, which is 
considerably smaller than the maximum particle sizes ac-
commodated by the Jenike (2 mm) and Schulze (5 mm) 
testers.

3. Unconfined flow testers
3.1 Split-bottom shear tester

In granular flow, the tendency towards localisation in 
narrow shear bands is a common phenomenon (Szabó et 
al., 2014; Unger et al., 2004), but there are instances, par-
ticularly in slow granular flows, where wider shear zones 
can be observed (Dijksman and van Hecke, 2010; Fenistein 
and van Hecke, 2003). To generate slow flows with distinct 
shear bands, researchers have proposed the use of split- 
bottom geometry (Fenistein et al., 2004; Wang et al., 
2022a). This configuration involves splitting the bottom 
part of a concentric cylinder system into two sections that 
can slide past each other, offering greater stability to the 
shear bands at fixed positions.

Fig. 8 presents a schematic of the split-bottom geometry. 
By rotating the inner part, a shear zone is observed to prop-
agate upward and inward from the slip position. The 
split-bottom cell’s unique geometry allows for investigat-

ing various factors beyond flow transitions in slow granular 
flows. These factors include suspension and granular flows 
(Shaebani et al., 2021; Singh et al., 2014; Wang et al., 
2022a), segregation mechanisms (Gillemot et al., 2017), 
fluid depletion (Mani et al., 2012), non-local flows (Henann 
and Kamrin, 2013), and faster flows (Luo et al., 2017).

In addition to the experimental investigations, the split- 
bottom shear cell is often used in numerical simulations, 
particularly either in Finite Element Method (FEM) simu-
lations (Henann and Kamrin, 2013) or Discrete Element 
Method (DEM) simulations (Luding, 2007). The geometry 
of the split-bottom shear cell provides a well-defined 
boundary condition and initial configuration for FEM and 
DEM simulations, making it an excellent choice for cali-
bration.

Despite the above-mentioned advantages of the split- 
bottom geometry, there are some limitations. The limita-
tions of a split-bottom shear cell include constraints related 
to particle size compatibility (100 μm to a few mm), the 
range of applicable confining stresses (0.1–2 kPa), and the 
absence of features for precise temperature or environmen-
tal control. Thus far, the flow geometry has not been used 
in any commercially available or standardised testing ma-
chine.

3.2 Rotating drum
In addition to traditional shear testers, a rotating drum is 

another valuable tool for studying the behaviour of granu-
lar materials. This dynamic testing system, originally intro-
duced by Yuri Oyama (1940) in 1940, has gained significant 
attention from researchers interested in granular material 
dynamics. It has proven to be an effective method for in-
vestigating mixing and segregation, which are fundamental 
processes in various industrial applications.

Researchers have conducted numerous experiments 
(Huang et al., 2021; Li et al., 2021) and theoretical (Li et 

Trough filling accessories
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Flow
function lid
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Fig. 7 Schematic of the Brookfield shear tester including the annular 
shear cell, flow function lid, and trough filling accessories.

Fig. 8 A schematic of the split-bottom shear cell, with Rs the radius of 
the inner cylinder, Ro the radius of the outer cylinder, and H the thick-
ness of the particle layer. (Reprinted from Ref. (Wang et al., 2022a) un-
der the terms of the CC-BY 4.0 license. Copyright: (2022) The Authors, 
published by Springer Nature.
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al., 2021; Xiu et al., 2021) studies using rotating drums, 
exploring various parameters that affect granular material 
behaviour. These parameters include particle shape 
(Preud’homme et al., 2021), drum geometry (Fiedor and 
Ottino, 2003), filling ratio (Inagaki and Yoshikawa, 2010), 
and segregation mechanisms (Chen et al., 2010).

A typical rotating drum setup, depicted in Fig. 9, con-
sists of a cylindrical vessel with specific dimensions that 
can rotate at an angular velocity ω. The drum is partially 
filled with particles, although fully filled drums have been 
studied under specific conditions (Inagaki and Yoshikawa, 
2010).

The testing procedure for rotating drum involves par-
tially filling the drum with particles. The drum is then ro-
tated at a controlled angular velocity ω. As the drum 
rotates, various flow regimes are observed (Yang et al., 
2008), depending on the rotational speed, including slip-
ping at low ω, slumping, rolling, cascading at intermediate 
ω, and cataracting and centrifuging at high ω. Researchers 
typically focus on rolling regimes, which are relevant to 
many industrial processes. Throughout the experiment, 
parameters such as particle motion, segregation, mixing 
behaviour, and the angle of repose, which defines the max-
imum angle at which a granular material remains stable on 
a surface, were closely monitored and analysed.

Rotating drum allows for the visualisation of the flow 
regime transitions, segregation, and mixing efficiency 
(Beaulieu et al., 2022). The velocity profiles of particles in 
the drum can be measured to gain insights into the distribu-
tion of particle speeds during mixing. Moreover, one can 
measure a (dynamic) “angle of repose” that provides infor-
mation about its flowability and internal friction. Parame-
ters like the flowability index ( Tapped Bulk

Tapped

ρ ρ
ρ

  

 

(1) 

) or the 
Hausner ratio (ρTapped/ρBulk) can be determined to assess the 
flow properties of granular materials. The drum can also be 
used to study how particle shape influences segregation, 
mixing, and flow patterns (Cunez et al., 2023; He et al., 
2023).

4. Compression testing techniques
4.1 Uniaxial compression tester

A schematic of the uniaxial compression cell is depicted 
in Fig. 10. The uniaxial compression test procedure is sim-
ilar to that of the Jenike shear tester (Parrella et al., 2008). 
A sample is filled into a cylinder with frictionless walls and 
is consolidated under a normal stress σ1 (consolidation 
stress), leading to an increase in bulk density ρb (Cavarretta 
and O’Sullivan, 2012). This consolidation step is the same 
as the pre-shear step in shear testers. After removing the 
cylinder, the sample is loaded vertically with an increasing 
normal stress up to the point of failure, where the sample 
will experience a break or failure at a certain stress σ2. The 
stress at failure is the unconfined yield strength. Contrary to 
the results of the shear tests, steady-state flow cannot be 
reached during consolidation. By reaching the failure 
point, the sample begins to flow. Uniaxial compression 
tests can be conducted at different consolidation stresses, 
allowing us to plot the unconfined yield strength against the 
consolidation stress. This produces a flow function curve, 
as illustrated in Fig. 11, which aids in assessing the sam-
ple’s flowability. In order to characterise the flowability, the 
term ffc is defined as the ratio of consolidation stress σ1 to 

ω Dynamic angle
of repose

θr

θs

Free flowing
layer

Camera

Bulk solid

Fig. 9 Schematic of a rotating drum consisting of a cylindrical vessel 
rotating at an angular velocity ω. The drum is partially filled with parti-
cles. By visualising the particle motion through a camera, one can mea-
sure the dynamic angle of repose θ.

Bulk solid

σ1 σ2

Fig. 10 Steps of the uniaxial compression test. The first step (left) is 
the consolidation of particles inside the cylinder under a normal stress 
σ1. In the next step, we remove the cylinder. At the final step (right), the 
particles will experience a failure at a certain stress σ2 called unconfined 
yield strength.

σ c

σ1

ffc=1 ffc=2

ffc=4

ffc=10

Flow function

Fig. 11 Flowability curve: unconfined yield strength σc versus consol-
idation stress σ1. The term ffc = σ1/σc, characterises the flowability of 
particles. The larger the ffc is, the better the particle flow. There are five 
regions in the flowability curve: no flowing (ffc < 1), very cohesive 
(1 < ffc < 2), cohesive (2 < ffc < 4), easy-flowing (4 < ffc < 10), and 
free-flowing (ffc > 10).
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unconfined yield strength σ2. The larger the ffc is, the better 
the particle flow. In Fig. 11, you can find a flowability 
classification close to the Jenike classification, which spec-
ifies that under higher consolidation stress, a particle can 
flow better.

4.2 Biaxial compression tester
The biaxial tester can be considered as a translational 

tester because it consists of two movement in x and y direc-
tions. As can be observed from Fig. 12, there is a loading 
plate, loading rod, and guide rod by which the test can be 
performed. In the first step after filling the cell with parti-
cles, the loading plate, which is placed on top of the base 
cell, moves through x direction until the favourable consol-
idation stress σ is gained. By moving this plate, the parti-
cles are consolidated. In order to obtain a constant 
consolidation stress and reach a steady-state flow, the 
loading plate can be pushed further in x direction and at the 
same time, the guide rod will move backward in y direc-
tion. After the steady-state step, there is an unloading step 
in both x and y directions. To measure the unconfined yield 
strength, the guide rod should first be removed, and then 
the loading plate moves again in x direction until failure 
occurs. The unconfined yield strength can be calculated 
from the force acting on the loading rod at failure. The 
similarity between uniaxial and biaxial tests is in the appli-
cation of consolidation stress and measurement of the un-
confined yield strength (Satone et al., 2017).

4.3 Triaxial compression tester
This tester is the standard shear tester in soil mechanics 

(Balla, 1960; Oda, 1972), and is mostly applicable for the 
measurement of shear strength, cohesion, permeability, and 
stiffness (Schnaid et al., 2001; Shinohara et al., 2000). For 
testing, the sample must be placed in a cell that can be 
pressurised and sealed with a rubber membrane along its 
walls. The rubber membrane must be pre-stressed; there-
fore, the tester in its standard form is not applicable to the 

low-stress region of interest in powder technology. After 
filling the cell with particles, the particles are usually, but 
not always, saturated, consolidated, and sheared. During 
the shearing step, the particles are loaded axially, which 
can be by compression or extension. Based on the sche-
matic of the triaxial setup shown in Fig. 13, the triaxial cell 
is placed inside a pressure vessel. By pressing the fluid 
surrounding the cell, the confining pressure σ is applied. 
The triaxial cell is placed between a loading platform from 
the bottom, which can move upward, and a loading cell on 
the top. There is also a hydraulic unit to control the cell 
pressure. Vacuum is used to hold the particles inside the 
cell until the confining pressure is applied. The entire setup 
is connected to a computer system to record the transducer 
data of displacement, pressure, and force.

Within the domain of granular materials, researchers 
frequently employ triaxial tests to examine a diverse array 
of mechanical properties and behaviours exhibited by these 
materials under carefully controlled conditions. Triaxial 
tests also have substantial utility in the field of experimen-
tal granular physics, where they serve as valuable tools for 
delving into the fundamental (anisotropic) mechanical 
characteristics and behaviours inherent to granular materi-
als. Such investigations provide valuable insights into in-
triguing phenomena, including jamming (Peshkov and 
Teitel, 2022), shear localisation, and the dynamics of 
granular flow (Nadimi et al., 2020). Additionally, notewor-
thy studies have explored the application of triaxial tests to 
the rheology of soft particles (Nezamabadi et al., 2021; Vu 
et al., 2021), further expanding the scope of research in this 
area.

Note that beyond the aforementioned flow testers, the 
capillary flow tester has been employed to optimise manu-
facturing processes and ensure product quality of particles 

Fig. 12 Schematic of biaxial tester including a loading plate, loading 
rod, and guide rod. By moving the loading plate until a certain consoli-
dation stress σ, the particles are consolidated. The unconfined yield 
strength can be calculated from the force F acting on the loading rod at 
failure.
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F Loading plate

Bulk solid
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Fig. 13 Schematic of triaxial tester including the loading cell, loading 
platform, pressure vessel, rubber membrane, and vacuum. The triaxial 
cell is placed between a loading platform from the bottom and a loading 
cell on the top. A hydraulic unit controls the cell pressure, while vacuum 
holds particles until confining pressure σ is applied.
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in industrial processes, albeit at limited scale so far for 
particles or particle-fluid mixtures. The capillary flow tes-
ter focuses on the fluid or ductile material’s behaviour as it 
flows into and within a capillary. Typically, the pressure 
difference along the capillary is measured in relation to the 
material flow rate, allowing the extraction of specific rheo-
logical information from this data (Mackley and Rutgers, 
1998), especially at elevated pressures. Utilising a capillary 
flow tester, or capillary rheometry, offers the advantage of 
efficiently accessing high shear rate flow properties and 
flow instabilities relevant to industrial processing. Capil-
lary rheometry has found application in simulating poly-
mer extrusion processes (Couch and Binding, 2000; Laun, 
2004), food processing (Zhang et al., 2022), coatings pro-
duction (Luo et al., 2021), and pellet manufacturing 
(Bastiaansen et al., 2023).

5. Comparison of confined and unconfined 
flow testers

We have summarised the advantages, limitations, and 
applications of the various powder testers in Tables 1 and 
2. Extensive research has been conducted to compare the 
functionality and applicability of these powder rheometry 
methods. These studies encompass comparative analyses 
of flow properties in cohesive powders (Du et al., 2023; 
Koynov et al., 2015; Leturia et al., 2014; Salehi et al., 2017; 
Shi et al., 2018; Zafar et al., 2019), pharmaceutical pow-

ders (Deng et al., 2022; Leaper, 2021; Shah et al., 2008; 
Tay et al., 2017), steel powders (Marchetti and Hulme-
Smith, 2021), and food powders (Juliano and Barbosa- 
Cánovas, 2010).

6. Particle imaging methods
Imaging of particle systems is highly valuable because it 

provides visual insights into the behaviour and interactions 
of individual particles within a larger assembly. This en-
ables researchers to observe microscopic details, analyse 
flow dynamics, track changes over time, and bridge micro 
(particle) and macro (constitutive modelling) levels. Imag-
ing techniques have been combined with rheometry or 
particle flow measurements in various systems to gain a 
comprehensive understanding of the material behaviour 
(Amon et al., 2017). In the study of granular materials, 
imaging techniques such as high-speed cameras, X-ray 
imaging, and laser-based imaging methods have been inte-
grated with rheometers to perform rotational shear and 
compression measurements. This combination allows si-
multaneous measurement of the rheological properties of 
the particles under shear or compression and visualise the 
particle flow and interactions in real time. In addition to 
granular materials, the combination of imaging with flow 
measurements has been used in complex fluids, such as 
emulsions (Paredes et al., 2011), suspensions (Graziano et 
al., 2021; Moud et al., 2022), and foams (Verma et al., 

Table 1 Comparison of different shear and compression testers.

Tester Advantages Limitations Typical applications

Jenike (Jenike, 1961) Simplicity and robustness; 
Historical significance.

Limited shear displacement 
(6–8 mm); Normal loads 
(>7 kPa); Particle size 
<2 mm; Stress homogene-
ity.

Design of silos for flow (Schwedes, 2003); 
measurement of failure strength and wall 
friction (Han, 2011).

Schulze (Schulze, 2008) Unlimited shear displace-
ment; Low or negative 
normal forces possible 
(<100 Pa); Uniform shear 
distribution.

Particle size <5 mm; Not 
suitable for highly cohesive 
and highly elastic powders.

Measuring shear strength, flow function 
ffc, angle of internal friction ϕ, wall 
friction, bulk density ρb (Schulze, 2021; 
Wang C. et al., 2022).

FT4 (Freeman, 2004; 2007) Originally designed for 
rheology; Versatile and 
comprehensive; Addresses 
diverse needs in research 
and industry.

Limited maximum consoli-
dation normal stress 
(3–7 kPa); Particle size 
<1 mm; Not suitable for 
extremely elastic/coarse 
powders.

Bulk (density, compressibility, and perme-
ability) (Nkurikiye et al., 2023); Dynamic 
flow (flowability, aeration, consolidation, 
flow rate, and specific energy) (Divya and 
Ganesh, 2019); Shear (shear cell, and wall 
friction) (Hare and Ghadiri, 2017) ; 
Process (segregation, attrition, caking, 
electrostatics, moisture, and agglomera-
tion) (Mitra et al., 2017).

Brookfield  
(Berry and Bradley, 2010)

Fast, economical, and easy 
to use; product improve-
ment and quality control.

Limited maximum consoli-
dation normal stress (4.8–
13 kPa); Particle size 
<1 mm, Not for extremely 
elastic bulk solids.

Measuring flow function, unconfined 
failure strength, time consolidation, angle 
of internal friction ϕ, wall friction, bulk 
density ρb, compressibility (Navar et al., 
2022).
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2018). For example, particle tracking velocimetry (PTV) or 
particle image velocimetry (PIV) techniques combined 
with rheological measurements provide insights into the 
microstructure, particle dynamics, and flow behaviour of 
these complex fluid systems.

We review several common approaches that stretch the 
limits of particle imaging-based techniques. These tech-
niques provide insights into the behaviour, properties, and 
dynamics of granular systems. They allow us to unravel the 
fundamental principles governing the behaviour of granu-
lar materials, such as their flow patterns, packing struc-
tures, particle rearrangements, and interparticle interactions. 
Furthermore, these methods extend their reach beyond 
granular materials alone.

6.1 Optical techniques
6.1.1 Optical microscopy

Optical microscopy (OM) is a widely used technique for 
studying particle flow fields (Wang et al., 2022b). Fig. 14 
shows a schematic representation of the optical micro-
scope. OM involves the use of visible light to observe and 
analyse the behaviour, properties, and dynamics of parti-
cles. It requires a light source, typically a lamp or laser, to 
provide illumination. Light passes through or reflects off 
the particles of interest. Proper sample preparation, includ-
ing mounting and positioning, ensures adequate interaction 
of the light with the particles. The light transmitted or re-

flected by the particles is collected by an objective lens, 
which focuses on the light onto an image plane or an eye-
piece. The lens system provides magnification, allowing 
for detailed visualisation of the particles and their interac-
tions. The focussed light forms an image of the particles on 
a detector, which can be a camera or the human eye. The 
captured images are then analysed using various tech-
niques, such as image processing, particle tracking  

Table 2 Comparison of different shear and compression tests.

Tester Advantages Limitations Typical applications

Split-Bottom  
(Fenistein et al., 2004;  
Fenistein and van Hecke, 2003).

Robust shear bands; Can be 
easily coupled with 3D 
imaging techniques.

Limited control over com-
plex industrial flow condi-
tions; Not suitable for 
powders due to split geome-
try; Only for quasi-static 
flows.

Dense suspensions and slow granu-
lar flows (Wang et al., 2022a), 
segregation (Gillemot et al., 2017); 
fluid depletion (Mani et al., 2012), 
non-local flows (Henann and 
Kamrin, 2013); faster flow (Luo et 
al., 2017).

Rotating Drum (Oyama, 1940) Studying mixing and segre-
gation; Visualisation of flow 
regime transition.

Limited control over com-
plex industrial flow condi-
tions.

Fundamental research on granular 
materials; Measuring dynamic angle 
of repose, flowability, and internal 
friction (Huang et al., 2021; Li et 
al., 2021).

Uniaxial Measures compressive 
strength under 1D compres-
sion; Simple and widely 
used.

Limited to 1D compression 
tests and fine-grained/
cohesive powders; Cannot 
measure internal or wall 
friction.

Basic assessment of compressive 
behaviour in granular materials 
(Cheng and Wang, 2022; Le, 2022) 
and flowability.

Biaxial Measures compressive 
strength under confined 
conditions.

Limited to confined com-
pression tests.

Study of confined compression 
behaviour in granular materials 
(Satone et al., 2017).

Triaxial Measures compressive 
strength under controlled 
confining pressure.

Requires complex testing 
equipment.

Soil mechanics (Oda, 1972) (mea-
surement of shear strength, cohe-
sion, permeability and stiffness 
(Schnaid et al., 2001)).

Specimen

Optical 
Microscope

Transmitted 
light

Particles

10x WD 7.0

Condensor 
lens

Fig. 14 Schematic of optical microscopy (OM) including a light source 
and a condenser lens.
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algorithms, and manual measurements, to extract relevant 
information about particle size, shape, packing arrange-
ments, and flow behaviour.

6.1.2 Confocal microscopy
Confocal microscopy (CM) is a powerful imaging tech-

nique used to study colloidal suspensions (Hooiveld et al., 
2023; Rathee et al., 2020), Pickering emulsions (Benyaya 
et al., 2023), fluid flow and particle dynamics in microflu-
idic devices (Lochab et al., 2019), inkjet printing (Shi et al., 
2021) and more. It provides high-resolution three- 
dimensional imaging by selectively focussing on a specific 
plane within the sample while rejecting out-of-focus light. 
Fig. 15 shows a schematic of the confocal microscope. CM 
uses a laser as the light source. The laser beam is directed 
onto the sample, and the light emitted from the particles is 
collected. A pinhole aperture is placed in front of the detec-
tor to block out-of-focus light. This pinhole allows only the 
light emitted from the focal plane to pass through, ensuring 
that only in-focus information is captured. The laser beam 
is scanned across the sample using a scanning system such 
as a galvanometer mirror or acousto-optic deflector. This 
scanning mechanism rapidly moves the focal point of the 
laser through the sample in a predefined pattern. The emit-
ted light passes through the pinhole and is detected by a 
sensitive photodetector, such as a photomultiplier tube or 
avalanche photodiode. The detected signal is then used to 

reconstruct a two-dimensional or three-dimensional image 
of the sample.

6.2 Refractive index matched scanning (RIMS)
Refractive index matched scanning (RIMS) is a tech-

nique used in particle flow field studies to improve the vis-
ibility of particles in transparent or translucent media 
(Dijksman et al., 2013; 2017). It involves the use of a 
matching fluid or medium with a refractive index similar to 
that of the particles or surrounding medium. This paper 
(Dijksman et al., 2012) provides a comprehensive review 
of the use of RIMS to study densely packed granular mate-
rials and suspensions.

Fig. 16 represents a schematic of the RIMS. To initiate 
RIMS, the first step involves selecting a refractive index 
matching fluid that aligns with either the refractive index of 
the particles or that of the surrounding medium. This fluid 
is usually a transparent liquid, such as a mixture of glycerol 
and water or silicone oil, with carefully controlled optical 
properties. When the refractive index of the matching fluid 
closely matches that of the particles or surrounding me-
dium, it reduces the refractive index mismatch between the 
particles and the fluid. This minimises the light scattering 
and refraction at the particle-fluid interface, resulting in 
improved particle visibility. The experimental setup  
involves immersing the particles in a refractive index- 
matching fluid. The fluid fills the gaps between the parti-
cles, effectively matching the refractive indices of the  
particles and the fluid. This allows for clearer observation 
and imaging of particle positions, trajectories, and interac-
tions (Barés et al., 2020; Dijksman et al., 2010).

RIMS is employed across a range of scientific domains 
to study particle flows (Barés et al., 2020) and suspensions 
(Ojeda-Mendoza et al., 2018). RIMS also finds applica-
tions in multiphase flows (Poelma, 2020), biological sys-
tems (Khan et al., 2021), chemical engineering processes 

Specimen Particles

Laser source

Collimator

Detector

Confocal 
pinhole

Beam 
splitter

Objective

Mirrors

Fig. 15 Schematic of confocal microscopy (CM) including a laser, de-
tector, pinhole, galvanometer mirrors, objective lenses, and beam split-
ter.

Light sheet optics
Laser

Lens
Index matched 
particles

Transparent 
media

Fig. 16 The setup comprises a laser sheet, a refractive index matching 
fluid, and particles with matched refractive indices.
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(Häfeli et al., 2016), geological and environmental studies 
(Sather et al., 2023), material characterisation (Butscher et 
al., 2012), and fluidised beds (Reddy et al., 2013).

6.3 Magnetic resonance imaging (MRI)
Over the past few decades, various types of MRI systems 

have emerged, ranging from compact benchtop setups to 
large (pre-)clinical scanners. All these systems have basic 
components in common, including a magnet providing a 
magnetic field, gradient coils, and radiofrequency (RF) 
transmit and receive coils. A detailed explanation of the 
different types of MRI scanners is well described in a re-
cent review article (Clarke et al., 2023). MRI relies on nu-
clear magnetic resonance (NMR) principles. When a 
material, like water with NMR-active hydrogens encoun-
ters a strong magnetic field, its nuclear spins will align. 
Transmit coils send RF pulses, causing nuclear spins to 
briefly absorb and emit energy. Gradient coils create spatial 
field variations for precise signal localisation. By manipu-
lating gradients and RF pulses, MRI systems can create 
detailed images based on nuclear spin properties like den-
sity and relaxation times (Dale et al., 2015). In MRI imag-
ing, two crucial parameters are relaxation times, known as 
T1 (spin–lattice relaxation time) and T2 (spin–spin relax-
ation time). T1 and T2 relaxation times determine how 
quickly the nuclear spins return to equilibrium or lose 
phase coherence. These times depend on various factors, 
including the material type being imaged and the properties 
of the MRI system itself. These factors are essential for 
creating contrast in images and providing information 
about material characteristics. Meanwhile, receive coils 
capture the emitted RF signals, which are then processed to 
produce the final images, providing invaluable insights into 
the structure and composition of materials without ionising 
radiation. MRI can also measure displacements over time, 
and thus quantify both self-diffusion behaviour as well as 
net displacements. The latter is the basis of the velocimetric 
assessment of flow, which can provide insights into the 
non-Newtonian behaviour of complex fluids.

While MRI is primarily known for its medical applica-
tions, it can also be adapted for material studies, including 
granular systems (Stannarius, 2017). Fig. 17 shows a sche-
matic of a (pre-)clinical MRI setup used for particle flow 
measurements. In the context of particle flow fields, MRI 
can provide insights into the internal structure, porosity, 
and flow patterns of granular materials. It can track the 
motion and distribution of fluids or particles within the 
system (Wang et al., 2022a). Using suitable contrast agents, 
one can differentiate between different phases or compo-
nents within the granular system, enabling the visualisation 
and quantification of particle flows.

6.4 X-ray imaging
X-ray imaging is a valuable technique for studying parti-

cle flow fields in granular materials (Chen et al., 2021). 
Fig. 18 depicts a schematic of X-ray imaging. It utilises 
X-rays, which are a form of electromagnetic radiation, to 
penetrate the material and generate images that reveal the 
internal structure, particle arrangements, and flow be-
haviour. X-rays have high energy and short wavelengths, 
allowing them to penetrate solid or dense materials, includ-
ing most non-metallic granular systems. As X-rays pass 
through the material, they interact with the particles and 
undergo attenuation, which means that their intensity de-
creases based on the density and composition of the mate-
rial (Hermanek et al., 2018).

6.4.1 Radiographic imaging
In X-ray radiography, a beam of X-rays is directed to-

wards the material, and a detector captures the X-rays that 
pass through. The detected X-rays are converted into an 
image representing the attenuation of the X-rays within the 
material. This image provides information about the distri-
bution of particles, their packing density, and the presence 

Magnet

Specimen

Bore

Fig. 17 Schematic of a (pre-)clinical MRI machine. This allows for the 
placement of a container filled with particles on the specimen, enabling 
the imaging of static particle arrangements.

X-ray source

Detector

X-ray beam

Specimen

Fig. 18 Schematic of the X-ray imaging setup. The setup consists of an 
X-ray source, a detector, and a specimen or rotating table where you 
place a container filled with particles.
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of voids or channels within the granular system (Guillard et 
al., 2017).

6.4.2 X-ray computed tomography (CT)
CT is a more advanced technique that combines multiple 

X-ray radiographic images taken from different angles to 
reconstruct a detailed three-dimensional image of the mate-
rial (Withers et al., 2021). By capturing X-ray projections 
at various angles, CT can provide volumetric information, 
enabling the visualisation of particle flow patterns and in-
ternal structures in greater detail (Lyu et al., 2023; Mohsin 
Thakur et al., 2020).

6.4.3 Ultrafast electron beam X-ray computed 
tomography

Ultrafast electron beam X-ray computed tomography 
(CT) is an advanced imaging technique that combines ul-
trafast electron beams and CT. It aims to provide high-
speed, high-resolution imaging of dynamic processes, such 
as multiphase flow in vertical pipes (Fischer and Hampel, 
2010), in a gas-solid fluidised bed, dynamic quality control 
of agricultural products, particle flow fields, and within 
granular materials (Bieberle et al., 2012).

Fig. 19 shows a schematic of the high-performance 
ROFEX (ROssendorf Fast Electron beam X-ray tomogra-
phy) imaging method, designed for non-invasive explora-

tion of dynamic processes. This technique boasts an 
impressive capability of capturing up to 8,000 cross- 
sectional images per second, providing a spatial resolution 
of approximately 1 mm. ROFEX employs an ultrafast 
electron beam as the imaging source. This beam is gener-
ated using an electron gun and accelerated to high energies. 
The electrons act as a source of X-rays through a process 
called “braking radiation”, in which the electron beam in-
teracts with a target material and produces X-ray photons. 
When an ultrafast electron beam strikes a target material, 
such as a metal, it produces a broad spectrum of X-ray 
photons due to the deceleration of the electrons. The X-ray 
spectrum contains a range of energies that can be tuned and 
selected depending on the desired imaging characteristics 
(Frust et al., 2017).

The usefulness of ROFEX in the field of granular mate-
rials lies in its ability to provide time-resolved imaging of 
dynamic processes (Stannarius et al., 2019a). ROFEX can 
capture fast flow phenomena, particle interactions, and 
granular rearrangements on a timescale that may not be 
achievable with other imaging techniques. The recon-
structed three-dimensional images obtained through 
ROFEX can be analysed quantitatively to extract important 
parameters, such as particle velocities, trajectories, packing 
densities, and flow rates. Moreover, ROFEX can study 
multiphase systems (Bieberle and Hampel, 2015), where 
different components or phases have distinct X-ray attenu-
ation properties.

6.5 Comparative analysis
Table 3 summarises the applicability ranges of various 

imaging techniques for capturing particle properties. In 
addition, we compared the advantages, limitations, and 

Electron gun

Focusing coil

Deflection coil

Electron beam

Targets

X-ray fan
Detector 
rings

Specimen

Fig. 19 Schematic of the high-performance ROFEX (ROssendorf Fast 
Electron beam X-ray tomography) imaging method at Helmholtz- 
Zentrum Dresden-Rossendorf. ROFEX consists of an electron beam that 
is generated using an electron gun, focussing coil, deflection coil, X-ray 
fan, detector rings, and a specimen.

Table 3 Summary of the imaging techniques’ applicability ranges for 
capturing particle properties.

Technique Particle 
size

Particle type Spatial 
resolution

MRI μm Solid particles, 
liquid droplets, and 
soft materials

10–100 μm

XRT sub-μm to 
mm

Dense- and 
low-density 
particles

sub-μm to μm

CM sub-μm to 
μm

Fluorescent or 
highly scattering 
particles

500 nm to μm

OM sub-μm to 
mm

Biological parti-
cles, colloids, and 
solid particles

sub-μm to μm

RIMS μm to mm Transparent or 
translucent parti-
cles and fluids

sub-μm to μm
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typical applications of the various particle imaging tech-
niques reviewed in this paper in Table 4.

7. Challenges in imaging of granular flows
Combining imaging with flow testing is pursued to gain 

a deeper understanding of material behaviour and fluid dy-
namics. It enables the visualisation of individual particle 
dynamics (Aliseda and Heindel, 2021), microscale phe-
nomena (Milatz et al., 2021), and complex interactions 
within materials (L. Li and Iskander, 2022), providing in-
sights that traditional flow testing alone cannot offer. This 
integration is valuable for validating models (Larsson et al., 
2021), optimising industrial processes, characterising ma-
terials, and studying fluid dynamics in biological (Moosavi 
et al., 2014) and geotechnical contexts (Dai et al., 2023). 
By bridging the macroscopic and microscopic domains, we 
can enhance our ability to analyse and manipulate materials 
and fluids, facilitating advancements in various fields and 
applications. While combining flow tests with particle im-
aging techniques has opened new frontiers in the study of 
granular flows, several challenges still persist, presenting 

opportunities for further research and innovation. In this 
section, we discuss some current challenges faced in the 
imaging of granular flows.

7.1 Real-time analysis
Real-time analysis of imaging data is crucial for gaining 

immediate insights into granular flow behaviours. How-
ever, processing large datasets generated during experi-
ments can be computationally intensive and 
time-consuming. Streamlining and automating real-time 
data analysis (Munir et al., 2018) to provide researchers 
with actionable information during experiments is an ongo-
ing challenge.

One can observe and interpret data as it is generated, al-
lowing them to make adjustments to the experiment in real 
time. This immediate feedback is valuable for optimising 
experimental conditions, making critical decisions, and 
ensuring data quality. Real-time analysis enables the iden-
tification of key events or phenomena as they occur within 
the granular flow. It allows for quality control by promptly 
identifying issues with data acquisition or imaging  

Table 4 Summary and comparison of the advantages, limitations, and typical applications of various particle imaging techniques reviewed in this paper.

Technique Advantages Limitations Typical applications

OM Versatility and accessibility; morpho-
logical properties; real-time observa-
tion.

Limited depth of field; particle 
behaviour analysis; particle tracking 
limitations; limited to visible light 
spectrum; size and resolution limita-
tions a.

Particle behaviour analysis; flow field 
visualisation; particle size and shape 
determination.

CM High spatial resolution 3D imaging; 
optical sectioning b. Rejects out-of-
focus light; suitable for transparent 
samples.

Limited imaging depth; slow imaging 
speed; limited to relatively thin 
samples; limited field of view.

Thick or densely packed granular 
samples; nondynamic particle flow 
fields; small-scale or microscopic 
particle flow fields.

RIMS Enhanced particle visibility; reduced 
optical distortions; increased imaging 
depth.

Selection of matching fluid; refractive 
index sensitivity; experimental 
constraints c.

Particle tracking in transparent or 
translucent media; optically complex 
or dense systems; void and channel 
analysis.

MRI Non-invasive; 3D; multi-phase 
imaging d.

Time-consuming and costly; trade-off 
between spatial and temporal resolu-
tion to be set by experts; signal loss 
and artifacts e.

Multi-phase interactions; internal 
flow patterns.

XRT Non-destructive; high penetration 
depth; quantitative analysis f; high 
spatial resolution.

Radiation safety; contrast and sensi-
tivity g; limited temporal resolution h; 
costly.

Particle distribution in granular 
materials; internal structure analysis; 
multi-phase systems.

a OM has limitations in resolving particles below the diffraction limit of light.
b The ability to selectively focus on a specific plane within the sample enables optical sectioning.
c It may introduce additional complexities, such as changes in particle behaviour due to interactions with the matching fluid.
d MRI can differentiate between different phases within the granular material, such as solid particles and fluid phases.
e Granular materials, especially those with high density or metallic components, can cause signal loss and susceptibility artefacts in MRI 
images.
f XRT can provide quantitative information on particle distributions, void fractions, and packing densities within granular materials.
g XRT may face challenges in differentiating materials with similar X-ray attenuation coefficients. Contrast agents can be used to enhance 
sensitivity.
h Slower acquisition times.
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equipment. One can address problems such as sensor mal-
functions or calibration errors in real time.

7.2 Particle tracking in complex flows
Accurate tracking of individual particles within complex 

flow fields is essential for understanding granular flow dy-
namics. However, in real-world scenarios, particles can 
experience a wide range of interactions, including colli-
sion, adhesion, and fragmentation. Developing robust 
tracking algorithms capable of handling such complexities 
and uncertainties is an ongoing research challenge (Liang 
et al., 2021).

Accurately tracking the motion of individual particles 
involves monitoring the trajectories, velocities, and inter-
actions of particles as they move within the flow. This 
tracking provides critical data for characterising flow be-
haviour, identifying flow regimes, and studying phenom-
ena like particle collisions and adhesion.

Various methods and techniques can be employed to ad-
dress the challenges of particle tracking in granular flows 
(Mallery et al., 2020; Wang et al., 2019). Particle Tracking 
Velocimetry (PTV) methods involve tracking individual 
particles in successive frames of imaging data to calculate 
particle trajectories and velocities (Mäkiharju et al., 2022). 
This approach can capture complex particle interactions 
and flow dynamics. Particle Image Velocimetry (PIV) tech-
niques use the displacement of particle patterns in succes-
sive images to calculate flow velocities. Although not 
particle-specific, PIV is valuable for analysing bulk flow 
behaviour (Molina et al., 2021; Sarno et al., 2019). Ad-
vanced algorithms, often based on machine learning, are 
employed to automate and improve particle tracking accu-
racy, especially in complex and noisy flows (Duarte and 
Vlimant, 2022).

7.3 Integration of multimodal imaging
Combining multiple imaging modalities, such as Neutron 

and X-ray imaging (Sleiman et al., 2021; Vego et al., 
2023b), offers the potential for richer data. However, the 
seamless integration of these techniques to provide com-
plementary information poses technical challenges. Ensur-
ing compatibility and synchronisation between different 
imaging systems is an area that requires further attention. 
While the integration of flow tests with particle imaging 
techniques has propelled our understanding of granular 
flows, addressing these current challenges will be crucial 
for pushing the boundaries of knowledge in this field.

8. Recent advances in coupling flow testing 
and particle imaging in granular flows

In recent years, significant strides have been made in the 
field of granular and particulate systems through the inte-
gration of dynamic flow measurements with particle imag-
ing techniques.

8.1 X-ray rheography
In this context, Baker et al. (2018) introduced a novel 

X-ray rheography technique (Fig. 20) for studying the flow 
of granular materials, addressing the limitations of tradi-
tional methods that require model materials or intermittent 
motion stoppage. The authors used correlation analysis of 
high-speed X-ray radiographs from three directions to di-
rectly reconstruct three-dimensional velocities, enabling 
the study of continuous granular flows. Surprisingly, in a 
steady granular system, they discovered a compressible 
flow field with planar streamlines, despite the presence of 
non-planar confining boundaries. This finding contrasts 
with the behaviour of Newtonian fluids. The paper also 
discusses the impact of particle shape on flow and suggests 
future applications of the technique in the study of various 
soft matter systems, including biological tissues, geomate-
rials, and foams.

8.2 Multiple imaging methods
The integration of multiple imaging methods has en-

abled multiscale analysis, allowing researchers to gain in-
sights into particle behaviour that spans the microscale to 
the macroscale (Fig. 21) (Vego et al., 2023a). This ap-
proach has proven particularly beneficial when studying 
complex and heterogeneous particle systems, such as those 
found in food products.

8.3 Rheo-MRI
In addition to the recent advances in the use of X-ray 

tomography techniques, the combination of rheology and 

Fig. 20 Experimental configuration for rheography. The particles 
within the blue cylinder are subject to shearing from below. The diagram 
highlights the three X-ray source locations in yellow. Reprinted from 
Ref. (Baker et al., 2018) under the terms of the CC-BY 4.0 license. 
Copyright: (2018) The Authors, published by Springer Nature.
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MRI is a powerful technique used in various systems to 
study the mechanical properties and flow behaviour of 
complex fluids and soft materials (Serial et al., 2021; 
2022). A rheo-cell, typically with a Couette or Cone-Plate 
geometry, is placed in an MRI system, allowing velocimet-
ric measurements. By combining this with in situ or ex situ 
measurement of torque, local rheological properties such as 
viscosity, shear stress, and shear rate can be measured 
(Fig. 22). This combination provides insights into the rela-
tionship between the material’s rheological response and 
its microstructure during flow (Coussot, 2020; Milc et al., 
2022). Rheo-MRI is typically used in velocimetric mode, 
meanwhile relaxometric behaviour can give insights in 
structure formation/degradation. Maps of material density 
can provide insights into shear-induced migration.

9. Critical review and future directions
The integration of flow tests with particle imaging tech-

niques has undeniably advanced our understanding of 
granular materials and complex fluids. These combined 
approaches have enabled researchers to uncover critical 
information about particle behaviour and interactions at the 
microscale, offering insights that were previously elusive. 
Shear testers such as the Schulze shear tester and FT4 
powder flow tester have provided valuable data on bulk 
flow properties, while imaging techniques such as MRI, 
X-ray imaging, and confocal microscopy have facilitated 
the visualisation of particle dynamics. However, challenges 
persist, particularly in the integration of flow tests with 
imaging, which often involves complex experimental set-
ups and resource-intensive data processing.

To overcome these challenges, it is natural to suggest the 
development of more simple, small-scale flow testers de-
signed to align with selected 3D imaging techniques,  
specifically tailored to the material being investigated. A 
straightforward flow tester can take the form of a basic tube 
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detector

X-ray
source

neutron
source

neutron
detector

sample

47 h 61 h

t = 0 h 47 h 61 h

Fig. 21 Neutron and X-ray tomographic scans. The top row displays vertical sections from X-ray tomography, whereas the bottom row shows 
equivalent slices from neutron tomography. Reprinted from Ref. (Vego et al., 2023b) under the terms of the CC-BY 4.0 license. Copyright: (2023) The 
Authors, published by Springer Nature.

(a) (b) (c)

(d)

(e)

Fig. 22 (a) Schematic of a Rheo-MRI setup, (b) experimental Couette cell geometry, (c) top-down view of the cell, (d) one-dimensional concentra-
tion and (e) y-velocity within the excited slice. This figure is taken with permission from Refs. (Milc et al., 2022; Serial et al., 2019).
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or container equipped with motors and sensors for flow 
analysis. In addition, maintaining a database containing 
information about the studied material, flow geometry, and 
raw images could prove highly beneficial and time-saving 
for researchers seeking to replicate similar studies. Another 
crucial ongoing improvement involves integrating ad-
vanced processing techniques and conducting real-time 
flow analysis. This enhancement can significantly increase 
the efficiency of the testing procedure, while also address-
ing the cost considerations associated with 3D imaging fa-
cilities.

The future of this integration holds promise in the devel-
opment of high-speed, high-resolution imaging methods, 
such as X-ray rheography and high-speed X-ray imaging 
(such as ROFEX), providing detailed insights into dynamic 
processes within granular materials. Artificial intelligence 
further contributes by enabling real-time image analysis to 
manage the overwhelming volume of data generated. 
Moreover, the integration of computational simulations, 
such as Discrete Element Method (DEM) or Molecular 
Dynamic (MD) simulations, with experimental flow tests 
and imaging offers a comprehensive understanding of com-
plex systems, allowing validation and calibration of theo-
retical models against empirical observations.

10. Conclusion
We explored mechanical testers and particle imaging

techniques and highlighted their combined potential. By 
merging these fields, we can gain unparalleled insights into 
the dynamics of granular materials and complex fluids, 
deepening our understanding of bulk flow behaviours. We 
have explored various shear testers, from the Schulze shear 
tester to the FT4 powder flow tester, each of which pro-
vides valuable insights into the macroscopic properties of 
materials under shear. Simultaneously, refractive index 
matching, MRI, and X-ray imaging have emerged as pow-
erful tools for capturing microscale particle interactions 
and flow patterns. We also highlighted the need for techno-
logical advancements in imaging methods, especially ultra-
fast imaging and advanced data analysis techniques, to 
meet the growing demands for particle-level analysis.
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Nomenclature
CP Cone–plate geometry
DC Double-cone geometry
DEM Discrete Element Method
FEM Finite Element Modelling

PIV Particle Image Velocimetry
PP Plate–plate geometry
PTV Particle Tracking Velocimetry
RF Radio frequent
RST-M Ring Shear Tester with size medium
RST-XS Ring Shear Tester with size x-small
T1 Spin–lattice relaxation time (s)
T2 Spin–spin relaxation time (s)
ffc Flowability index (-)
F Force (N)
H Thickness of the particle layer (mm)
ri Radius of the inner cylinder (mm)
ro Radius of the outer cylinder (mm)
Rs Radius of the inner cylinder or split radius in the 

split-bottom shear cell (mm)
Ro Radius of the outer cylinder in the split-bottom shear 

cell (mm)
τ Shear stress (Pa)
τsh Shear stress at the shear point (Pa)
τpre Shear stress at pre-shear (Pa)
σ1,2 Consolidation stress (Pa)
σc Compressive strength or unconfined yield strength 

(Pa)
ω Rotation speed or angular velocity (rpm)
θ Dynamic angle of repose (-)
ϕ Angle of internal friction (-)
ρb or ρbulk Bulk density (kg∙m–3)
ρTapped Tapped density (kg∙m–3)
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Chemical mechanical polishing (CMP) is a process that uses mechanical 
abrasive particles and chemical interaction in slurry to remove materials 
from the surface of films. With advancements in semiconductor device 
technology applying various materials and structures, SiO2 (silica) 
nanoparticles are the most chosen abrasives in CMP slurries. Therefore, 
understanding and developing silica nanoparticles are crucial for 
achieving CMP performance, such as removal rates, selectivity, 
decreasing defects, and high uniformity and flatness. However, despite 
the abundance of reviews on silica nanoparticles, there is a notable gap 
in the literature addressing their role as abrasives in CMP slurries. This 
review offers an in-depth exploration of silica nanoparticle synthesis 
and modification methods detailing their impact on nanoparticle 
characteristics and CMP performance. Further, we also address the 
unique properties of silica nanoparticles, such as hardness, size 
distribution, and surface properties, and the significant contribution of 
silica nanoparticles to CMP results. This review is expected to interest researchers and practitioners in semiconductor manufacturing and 
materials science.
Keywords: CMP (Chemical mechanical polishing), silica nanoparticles, synthesis, modification, surface functionalization, core-shell 
structure

1. Introduction
Chemical mechanical polishing (CMP) is a technique 

employed in the semiconductor fabrication process to re-
move material from the surface of films during integrated 
circuit (IC) manufacturing (Lee et al., 2022; Paik U. and 
Park J.-G., 2009). The process involves a chemical slurry 
and mechanical polishing by abrasive nanoparticles to 
achieve high planarity and smoothness on the film surface 
(Ein-Eli and Starosvetsky, 2007; Lee et al., 2016). IBM 
first developed and commercialized CMP in the late 1980s 
to planarize layers of silicon dioxide (SiO2) during the 
fabrication of microelectronics (Beyer, 2015; Fury, 1997). 
CMP has attracted attention as a key step in manufacturing 
integrated circuits, including microprocessors, memory, 
and logic devices, due to growing demand for higher inte-
gration densities and smaller device sizes, which require 

greater control over surface topography (Zwicker, 2022).
Fig. 1 illustrates the CMP process and the role of 

nanoparticles in CMP slurry (Mikhaylichenko, 2018; Seo, 
2021). A multiple platen design offers flexibility in pad 
materials, slurries, and conditioning processes, enabling 
high throughput and optimized polishing. Wafers are 
cleaned after CMP and transferred back to their boxes by a 
robotic arm. A slurry is applied to the polishing pad, and the 
wafer rotates on a custom CMP table, where mechanical 
and chemical actions remove imperfections. After several 
steps, the wafer becomes ultra-smooth and ready for subse-
quent fabrication stages (Srinivasan et al., 2015).

The slurry consists of stable suspensions of abrasive 
nanomaterials, such as Al2O3 (alumina), SiO2 (silica), and 
CeO2 (ceria), dispersed in water with prescribed chemicals 
(Armini et al., 2008; Feng et al., 2006; Parker, 2004). The 
choice of abrasive nanoparticles depends on the type of 
polishing required. Silica is an abundant, representative, 
and versatile particle that minimizes defects and scratches, 
improves planarity and uniformity, and increases removal 
rates and selectivity (Lee et al., 2015).

Interactions between particles in suspended media are 
related to dispersion stability of the particles. Agglomerated  
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particles in CMP slurry can cause surface defects,  
reduce the CMP removal rate, and damage neighboring 
patterns, resulting in lower selection ratio. In particular, 
aggregate particles larger than 1 μm in diameter are a lead-
ing cause of scratch defects on films (Armini et al., 2008; 
Lu et al., 2013; Seipenbusch et al., 2010; Shin et al., 2019). 
Van der Waals and electrostatic forces are critical factors 
influencing the cohesion and stability of particles in sus-
pended media. Van der Waals forces always act as an at-
tractive force between particles, and a system dominated 
by van der Waals forces results in particle agglomeration. 
The electrostatic force that acts as a repulsive force be-
tween two particles is the electrostatic force. In the aqueous 
system, the adsorbed ions on the nanoparticles determine 
the repulsive force between the particles. Ions distributed 
around the nanoparticle form an electric double layer 
(EDL) (Hayashi et al., 1995). The Coulomb force produced 
by an EDL is an electrostatic and repulsive force between 

particles of the same material; the thicker the EDL, the 
stronger the repulsive force between the particles and the 
weaker the agglomeration (Gun’ko et al., 1998). These 
forces can be controlled by adjusting the slurry chemistry, 
and nanoparticle engineering can help maintain a stable 
slurry, prevent particle agglomeration, and ensure a suc-
cessful polishing process.

Material removal occurs when abrasive particles and the 
substrate surface are in direct contact (Luo and Dornfeld, 
2003). Contact between abrasive particles and films also 
occurs when van der Waals and electrostatic forces domi-
nate the attraction, resulting in higher removal rates. Con-
trolling the attraction or repulsion between abrasive 
particles and the film surface is critical for improving re-
moval rates and selectivity. A model based on the contact 
mechanism has been proposed to explain the mechanical 
aspects of the material removal mechanism (Seo et al., 
2016b). According to the model, the greater the total  

Fig. 1  Schematic illustrations of a standard CMP tool highlighting the influence of nanoparticle properties in the slurry on the CMP process. Key 
factors, such as the dispersion stability of nanoparticle abrasives in the slurry, interactions between particles and the film, the nanoparticle’s elastic 
modulus and hardness, as well as their catalytic effects, are illustrated. These factors are crucial in determining the overall outcomes of CMP.
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contact area between the particle and the film, the greater 
the removal rate. Assuming all particles participate in ma-
terial removal, the particle-film surface contact area is cal-
culated as A ∝ C1/3 ⋅ d–1/3, where C is the concentration of 
abrasive particles, and d is the abrasive diameter (Basim et 
al., 2000). However, only abrasive particles larger than the 
gap between the polishing pad and the film surface (active 
particles) can contribute to material removal (Seo, 2021).

Another key property of nanoparticles can affect CMP 
performance. First, the catalytic effect of nanoparticles can 
improve the removal rate during metal CMP by enhancing 
the oxidation reaction (Lei et al., 2012; Wang et al., 2016). 
Second, the mechanical properties of the particles. The 
ability to control the elastic modulus can increase the re-
moval rate by enlarging the contact area with the film and 
reducing scratches and roughness (Chen et al., 2019; Mu 
and Fu, 2012). Moreover, improving the abrasive surface 
hardness is advantageous for achieving higher removal 
rates, especially when working with films with relatively 
high hardness and chemical stability, such as alumina, sili-
con carbide (SiC), and tungsten (Dai et al., 2020). There-
fore, careful selection and use of nanoparticles with these 
desirable properties can significantly impact the efficiency 
of CMP.

As the materials for the next generation of semiconduc-
tor devices become more diverse and the device structures 
more complex, the performance requirements for CMPs 
are becoming increasingly stringent. Silica nanoparticle 
abrasives, which can reduce defects and scratches, improve 
flatness and uniformity, and increase removal rates and se-
lectivity, are among the most popular materials. This re-
view of silica nanoparticles as CMP abrasives is organized 
in the following order: properties of nanoparticles that af-
fect CMP, silica particle synthesis methods and their prop-
erties, and finally, silica nanoparticle modifications such as 
surface functionalization, coating or doping with other 
materials, and core-shell structure formation to overcome 
the limitations of conventional synthesis methods.

2. Nanoparticle properties and their impact 
on CMP

Nanoparticle abrasives in slurries can affect CMP results 
due to their dispersion stability, interactions between parti-
cles and film, elastic modulus and hardness, and catalytic 
effects (Fig. 1). Dispersion stability is closely related to 
interactions between nanoparticles (Kawaguchi, 2020). 
When there is a sufficient repulsive force between nanopar-
ticles, dispersion stability increases. A slurry with high 
dispersion stability prevents scratch defects caused by ag-
glomerated particles and contributes to improved planarity 
through uniform removal on the film surface and increased 
removal rates by enlarging the contact area (Choi et al., 
2004). Interactions between particles and films affect the 
number of active particles (Wang et al., 2022). Increasing 

the force between particles and films increases both the 
number of active particles and removal rate (Hwang et al., 
2008). This is also important for selectivity control in pat-
terned wafers (Seo et al., 2014). The elastic modulus and 
hardness of the particles are related to the removal rate and 
defects. Depending on the target film, particle design 
should consider whether the main issue is high defects or 
low removal rate (Kwon et al., 2013; Saka et al., 2008). The 
last catalytic effect refers to the effect of particles on the 
promotion of chemical reactions on the film surface (Wang 
et al., 2021). To improve the performance of CMP, it is 
necessary to understand and control these nanoparticle 
properties.

2.1 Interactions between nanoparticles in 
suspension

Between 1945 and 1948, two research teams, one led by 
Derjaguin and Landau in the Soviet Union and the other by 
Verwey and Overbeek in the Netherlands, independently 
proposed a theory regarding repulsion between charged 
particles in water (Ninham, 1999). This is now commonly 
referred to as the DLVO theory, after the initials of the four 
scientists involved (van Oss, 2008).

The DLVO theory suggests that the stability of a particle 
in solution depends on its total potential energy function 
(VT). The primary potential energy between two particles 
arises from the attractive van der Waals force (VA) and the 
electrostatic force (VR) from the electrical double layer. An 
extended DLVO theory, which incorporates the steric force 
(VS) due to adsorbed layers of polymers or surfactants, has 
been proposed to better explain the stabilization of colloi-
dal systems (van Oss, 2008). This can be represented by the 
equation:

VT = VA + VR + VS (1)

The van der Waals force is the attraction resulting from 
the instantaneous dipoles formed by temporary polariza-
tion of atoms and the induced dipoles caused by these in-
stantaneous dipoles (Fig. 2(a)) (Margenau, 1939). This 
force is always present in nanoparticles within a dispersion 
and becomes significantly stronger when the distance be-
tween particles decreases. The van der Waals force is a 
major reason for particle agglomeration. The equation for 
the van der Waals force between two spherical particles 
(Hamaker, 1937) can be expressed as
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where A is the Hamaker constant, s is the distance between 
the two particles, and R is the radius of the spherical parti-
cle. When the distance between two particles is small 
enough, as in Eqn. (3), the expression can be approxi-
mated. According to this equation, the larger are the parti-
cles, the shorter is the distance; and the higher is the 
Hamaker constant, the stronger is the van der Waals force. 
The Hamaker constant is determined by the dielectric con-
stant and refractive index of the nanoparticles and the dis-
persion medium (Bergström, 1997). The Hamaker constant 
is difficult to manipulate once the materials of nanoparti-
cles and medium are determined. Much research into in-
creasing dispersion stability has been directed toward 
increasing the repulsive forces rather than reducing van der 
Waals forces (Tolias, 2018).

Charges on particle surfaces can influence electrostatic 
forces. In an aqueous system, nanoparticles acquire charges 
based on pH (Serrano-Lotina et al., 2023). In acidic condi-
tions, they carry a positive charge, which gradually weak-
ens as the pH increases, and they carry a negative charge in 
alkaline conditions. A surface charge occurs because pro-
tons adsorb and bind to a particle surface under acidic 
conditions, generating a positive charge. A negative charge 
arises as the pH increases and hydroxide ions become more 
prevalent. In other words, the degree of surface charge de-
pends on the reactivity with protons or hydroxide ions.

When a particle acquires a surface charge by binding 
with a proton or hydroxide ion, counter ions are adsorbed 
to the exterior, forming an EDL, which consists of a Stern 
layer (the first layer strongly bound to the particle surface) 
and a diffusion layer outside of which ions are distributed 
(Fig. 2(b)). The two layers differ because the potential lin-
early decreases with distance in the Stern layer, where the 
particles are strongly bound (Lunardi et al., 2021). In con-
trast, in the diffusion layer, the effects of surface charge and 
thermal motion are considered together, resulting in para-
bolic potential behavior.

Each material has a pH at which the charge becomes 
zero, called the isoelectric point (IEP) (Seo et al., 2016a). 
The IEP varies by material, and it is important to under-
stand the IEP of each material and to select a pH that 
maintains sufficient electrostatic repulsive force. For exam-
ple, pure silica typically has an IEP of 2 to 3, and alumina 
has an IEP of 9 (Kosmulski, 2009). The IEP is inversely 
proportional to the electronegativity of the metal  
composing the oxide, with a higher electronegativity lead-
ing to a lower IEP (Bebieet al., 1998). Factors affecting IEP 
also include particle functional group and crystal facet 
number and impurity.

The steric force between particles is caused by the ad-
sorption of polymers (Fig. 2(c)). Steric forces can be 
largely divided into the force for volume restriction (ΔGVR) 

Fig. 2  Interactions between nanoparticles in CMP slurry according to DLVO theory: (a) van der Waals force, (b) electrostatic force, (c) steric force and 
(d) the potential as a function of the distance between two particles derived from their net potential. Reproduced from Ref. (Moore et al., 2015) with 
permission from the Royal Society of Chemistry.
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and the force by mixing energy (ΔGM). The former rep-
resents the repulsive force caused by the volume of the 
polymer, while the latter is caused by osmotic pressure due 
to the affinity between the solvent and the polymer as the 
polymer layers approach each other (Sedev and Exerowa, 
1999). When the adsorbed particles of the two polymers are 
separated by less than the distance between the polymer 
layers, a force due to ΔGM is generated. At this point, the 
relationship between the polymer and the solvent is import-
ant. In an effective solvent with a strong affinity between 
the polymer and the solvent, the solvent penetrates by os-
motic pressure and causes a repulsive force (Babchinand 
Schramm, 2012). When the two particles approach each 
other, a repulsive force is generated by ΔGVR.

The interaction between two particles, depicted in 
Fig. 2(d), is determined by the combined forces of van der 
Waals forces, the electrostatic force due to the EDL, and 
steric forces. If this value is positive, repulsive forces dom-
inate, resulting in higher dispersion stability. If it is nega-
tive, attractive forces dominate, and the particles 
agglomerate (Moore et al., 2015).

2.2 Interactions between nanoparticles and film 
during CMP

When nanoparticles and film substrates interact in an 
aqueous system, the adhesion between them is influenced 
by van der Waals, electrostatic, and steric forces. These 
forces can either attract or repel particles from the surface, 
affecting the rate of removal. Measuring these forces di-
rectly can be difficult, but atomic force microscopy (AFM) 
can now gauge the net force between the particles and 
substrate (Kappl and Butt, 2002). AFM is a powerful tool in 
various research fields, including powder technology. It 
uses a probe with a sharp tip to scan the surface of a sample 
and detect the reflected laser beam to create an image 
(Shluger et al., 1994). An AFM instrument has a basic 
configuration, consisting of a micro-machined cantilever 
with a sharp tip, a piezoelectric scanner, and a photodiode 
detector (Fig. 3(a)). AFM can also be performed in liquid 
environments using a fluid cell (Dorobantu et al., 2009).

To apply AFM to force measurement, the probe or sam-
ple substrate is moved vertically (z-direction) to change the 
distance between the probe and the surface (Kappl and 
Butt, 2002). By attaching a colloidal nanoparticle at the end 
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Fig. 3  Analysis of particle-film interactions through force-distance curve measurements by AFM: (a) schematic of AFM equipment, (b) an AFM 
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of the pointed tip, the force-displacement curve between 
the particle and substrate can be obtained. For colloidal 
probes (Fig. 3(b)), spherical particles between 2 μm and 
40 μm in diameter are typically attached to the probe with 
an epoxy adhesive or hot-melt epoxy resin (Ralston et al., 
2005).

For the force in Fig. 3(c), the attraction between the 
surfaces is sensed. When the surfaces are in contact, the 
change in cantilever deflection is equal to the change in 
displacement, often represented by a linear region called 
the constant compliance region (Ishida and Craig, 2019). It 
is necessary to focus on the shape of the curve, which sud-
denly decreases or increases before re-entering the constant 
compliance region (Fig. 3(d)). When attraction is a strong 
function of separation, the instability of the cantilever often 
causes the surfaces to “jump in” to a contact (denoted by A 
and A’ in Fig. 3(c)). This occurs when the gradient of the 
interaction force with separation distance exceeds the 
spring constant of the cantilever. As the surfaces separate, 
adhesion may appear between them. In this case, the canti-
lever typically “jumps out” with zero interaction force, as 
represented by point B in the figure. This is the opposite 
effect of jumping in. If the system were applied to a repul-
sive force, the curve would instead bend to a positive value 
first before reaching the compliance region.

2.3 Mechanical properties of nanoparticles
AFM nano-indentation is an effective method to deter-

mine the elastic behavior of samples by analyzing force- 
displacement curves and nano-indentation data. Passeri et 
al. (2011) used AFM to measure the elastic modulus (E) 
and hardness of polyaniline films on glass substrates. 
Nowatzki et al. (2008) computed the E values of thin films 
using the thin-film Hertzian model. Song et al. (2008) as-
sessed the E values of PS, polymethylmethacrylate 
(PMMA) spheres, and PMMA/silica composites by apply-
ing an AFM force-volume technique and Hertz’s theory of 
contact mechanics (Table 1) (Chen et al., 2015a).

In AFM indentation tests, the shape of the indenter (can-
tilever tip) significantly influenced the calculated results. 
Indenters can be modeled in two geometries: spherical or 
conical (depicted in Fig. 4(a) and (b)). Eqns. (4) and (5), 
which are related to force, indentation, and Young’s modu-
lus, were utilized to compute the results, where F rep-
resents the indentation force, δ denotes the indentation 
depth, R is the tip radius, and α is the half-opening angle of 
the conical tip. The reduced modulus of elasticity (E*) can 
be calculated using E and ν for the sample and Et and νt for 
the AFM tip, as shown in Eqn. (6). If the elastic modulus of 
the indenter is much greater than that of the sample, E* can 
be simplified, as shown in Eqn. (7) (Chen et al., 2015a).
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Table 1  Core shell structure mechanical properties by the composition of particles. Reprinted with permission (Chen et al., 2015a). Copyright: (2015) 
Elsevier B.V.

Samples Core size [nm] Shell thickness [nm] E [GPa]

PS 200 — 2.01 ± 0.70

PS/SiO2 200 10 4.42 ± 0.27

PS/SiO2 200 15 5.88 ± 0.48

PS/SiO2 200 20 9.07 ± 0.94

PS 120 — 2.80

PS/CeO2 120 8 7.93

PS 120 12 8.25

PS 120 16 10.67

PMMA 367 — 4.3 ± 0.7

PMMA/SiO2 367 15 4.5 ± 0.7

PMMA/SiO2 367 30 10.3 ± 1.5

PP 200–500 — 1.3–2.8

Bulk PP — — 1.5–2.0

Bulk PS — — 2–5

Bulk SiO2 — — 75, 72

Bulk CeO2 — — 264.1
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Chen et al. (2015a) conducted experiments by depositing 
particles through spin coating on the substrate (Fig. 4(c)). 
They measured the modulus of the particles by contacting 
the tip at the location where the particle was located and 
measuring the F value according to the depth of indenta-
tion. Fig. 4(d) shows the force-distance curve of a spin-
coated deposit of nanoparticles on a substrate. Retract 
curve was fitted using the Hertzian model (using a spheri-
cal indenter), and as shown in this figure, the fitted curve 
was mainly consistent with the force-distance curve. This 
fitting allowed us to measure the elastic modulus of the 
nanoparticle using the force-distance curve.

There are several possible sources of error in calculating 
the elastic modulus, such as uncertainty in contact point 
determination and errors in kc measurement of AFM canti-
levers, surface and probe roughness, scanner and sample 
creep, and AFM photodetectors. Chen et al. (2015a) found 
that the substrate can also influence the measured mechan-
ical properties, causing some error in the results. Despite 

these sources of error, it is possible to measure the relative 
change in modulus for each particle under the same mea-
surement conditions.

2.4 Catalytic effect of nanoparticles
Kauffman proposed a model for CMP of tungsten and 

similar metals, in which the surface is oxidized to form a 
weak interface between the metal oxide and the metal (Lim 
et al., 2013; Tamboli et al., 1999). The abrasive attacks the 
weak interface to remove material. This model has been 
applied not only to tungsten, but also to metals such as 
copper, cobalt, and molybdenum, as well as materials with 
high hardness, including sapphire and SiC, to secure an 
adequate removal rate during polishing (Krishnan et al., 
2010).

To promote oxidation reactions on the surface of the 
material being polished, catalysts and oxidizing agents are 
essential. Metals (Ag, Fe) and metal oxides such as copper 
oxide (CuO, Cu2O), silver oxide (Ag2O), and iron oxide 
(Fe2O3, Fe3O4) can act as catalysts in the reaction that de-
composes the most commonly used CMP oxidizing agent, 
H2O2, to produce hydroxyl (OH) radicals (Kanungo, 1979; 
Xu et al., 2014). However, these particles do not ensure 

Fig. 4  Measurement of mechanical properties through force-distance curve measurements by AFM: Tip-particle surface contact models: (a) spherical 
indenter and (b) conical indenter. (c) AFM 2D image of nanoparticles deposited on the substrate. (d) Force separation curves and fitting curves ob-
tained from nanoparticles. Reprinted with permission from Ref. (Chen et al., 2015a). Copyright: (2015) Elsevier B.V.
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dispersion stability or achieve desirable polishing rates 
from a mechanical perspective (Guedes et al., 2009; Xu et 
al., 1998). Commonly used CMP abrasives such as silica, 
alumina, and ceria do not have any catalytic effects on oxi-
dation reactions. Research on the use of composites of  
catalyst-containing particles and abrasives in CMP will be 
discussed in detail later.

3. Synthesis strategy for silica nanoparticles 
to improve CMP

The choice of abrasive plays a crucial role in the perfor-
mance of a CMP slurry, as slurry properties can vary 
widely depending on the synthesis method. Silica particles, 
which are a common component of CMP slurries, can be 
classified into two types: fumed silica, which is synthesized 
through a gas phase process, and Stöber (or colloidal) sil-
ica, which is synthesized through a liquid phase process 
(Hyde et al., 2016). Table 2 outlines the advantages and 
disadvantages of each type. Fumed silica offers a large 
surface area and an amorphous structure, but its irregular 
shape and wide particle-size distribution can lead to surface 
defects during polishing (Khan et al., 2004). By compari-
son, Stöber silica with uniform particle size and shape can 
result in more predictable polishing and fewer surface de-
fects (Ahn et al., 2004). However, its lower removal rate 
compared to fumed silica is still an issue that needs to be 
overcome (Kim et al., 2021). Ultimately, the choice be-
tween fumed and Stöber silica depends on the specific re-
quirements of the CMP, which may include desired 
material removal rate, selectivity, surface finish, and slurry 
stability.

3.1 Gas phase synthesis: fumed silica
Flame hydrolysis is a large-scale industrial process that 

generates silica with large surface area. Fig. 5(a) illustrates 
the flame hydrolysis setup for producing fumed silica. The 
synthesis reaction equations follow (Garrett, 2017; Hyde et 
al., 2016);

2H2 + O2 → 2H2O (8)

SiCl4 + 2H2O → SiO2 + 4HCl (9)

2H2 + O2 + SiCl4 → SiO2 + 4HCl (10)

Fumed silica is synthesized by combusting silicon tetra-
chloride (SiCl4) or other silicon-containing precursors in a 
hydrogen-oxygen flame (Khavryutchenko et al., 2001). 
The heat from combustion vaporizes the SiCl4, which then 
reacts with water vapor to form silica nanoparticles.

These primary particles coagulate through intergrowth 
in the flame and agglomerate due to cohesive forces during 
and after cooling. Silica is separated from the off-gas con-
taining hydrogen chloride (HCl) using filters or cyclones. 
The high-temperature residence time, along with the inter-
play of surface growth, coagulation, and sintering, deter-
mines the characteristics of the particles. These 
nanoparticles aggregate into chains and ultimately form a 
three-dimensional network structure, resulting in fumed 
silica (Fig. 5(b)) (Jin et al., 2019; Meled, 2011).

Fumed silica nanoparticles are an anhydrous material 
synthesized using gas-based dry processes, resulting in low 
concentration of surface silanol (Si–OH) groups. When 
silica nanoparticles are dispersed in aqueous solutions, the 
silanol groups on their surface can form hydrogen bonds 
with water molecules and develop a surface charge through 
reactions with H+ or OH– ions, which are potential deter-
mining ions. These reactions are the driving force for the 
good dispersion of nanoparticles. However, fumed silica 
can be challenging to disperse in water, and the rheological 
properties of the dispersion exhibit shear thinning behavior 
(Barthel et al., 2005; Kim et al., 2021; Liu and Maciel, 
1996). In static condition, the silanol groups on the surface 
interact weakly with fluids through hydrogen bonding, in-
creasing the viscosity of the fluid. In dynamic environment, 
even mild shear deformation can break the connection be-
tween fluid molecules and silica due to the relatively small 
number of silanol groups available for hydrogen bonding. 
This is a characteristic observed in fumed silica dispersions 
due to shear thinning, a decrease in viscosity under shear 
stress.

Table 3 lists the results of CMP on SiO2 layer using 
fumed silica-based slurry. The data indicate that the re-
moval rate increased as the particle size grew from 80.2 to 
138 nm (Kim et al., 2021). The increase in removal rate is 
due to the more frequent and direct interaction of the larger 
particles with the film surface and the larger penetration 

Table 2  Comparing the advantages and disadvantages of fumed silica and Stöber silica aspect to the CMP process.

Fumed silica Stöber silica

Advantages • Easy for mass production
• High purity
• Large surface area to volume
• High removal rate

• Monodisperse size distribution
• Regular and spherical particle shape
• High dispersion stability
• Lower surface defects and scratches

Disadvantages • Wide size distribution
• Irregular shape of the particle
•  Difficult to control secondary particle size and dispersion stability
• Causing surface defects and scratches

• Expensive precursor price
• Alcohol by-product
• Low removal rate
• Small surface area to volume
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volume. However, as the particle size exceeded 138 nm, 
the contact area decreased, gradually decreasing the re-
moval rate (Haba et al., 2003). That means the contact area 
becomes more dominant in the removal rate above a spe-
cific particle size than the penetration volume. Whether 
penetration volume or contact area is the dominant factor in 

the removal rate depends on the film and particle being 
polished and the process conditions (Basim et al., 2000). As 
shown in Table 3, for CMP of SiO2 layer with fumed silica, 
the contact area or penetration volume becomes the more 
important factor starting from 138 nm. Below 138 nm, the 
effect of the penetration volume is more dominant on the 

Fig. 5  (a) Schematic illustrations of fumed silica nanoparticle synthesis through gas-phase reaction for CMP slurry. Reprinted with permission (Hyde 
et al., 2016). Copyright: (2016) American Chemical Society. (b) TEM images displaying the morphologies of the fumed silica nanoparticles. Reprinted 
with permission from (Chen et al., 2022). Copyright: (2022) American Chemical Society. (c) Schematic illustrations of Stöber silica nanoparticle 
synthesis through liquid-phase reaction for CMP slurry. (d) TEM images displaying the morphologies of Stöber silica nanoparticles. Reprinted from 
Ref. (Sui et al., 2016) under the terms of the CC-BY 4.0 license. Copyright: (2016) The Authors, published by Springer Nature.

Table 3  CMP results using fumed silica-based slurry.

Size  
[nm]

Solid loading 
[%]

pH  
(Adjustor)

CMP pad Applied 
pressure [psi]

Removal rate 
[Å/min]

Roughness  
[nm]

Reference

140.9 12 10.5  
(NH4OH)

IC1000/subaIV 4 2600 Ra 0.29 (Kim et al., 
2021)

138.8 12 10.5  
(NH4OH)

IC1000/subaIV 4 2850 Ra 0.31 (Kim et al., 
2021)

 99.4 12 10.5  
(NH4OH)

IC1000/subaIV 4 1500 Ra 0.17 (Kim et al., 
2021)

 80.2 12 10.5  
(NH4OH)

IC1000/subaIV 4 1200 Ra 0.14 (Kim et al., 
2021)

156 10 10.5  
(NH4OH)

IC1400 4 1680 RMS 0.25 (Haba et al., 
2003)

220 15 10.1  
(KOH)

IC1000/subaIV 3  620 — (Estel et al., 
2010)

220 15 4.1  
(HCl)

IC1000/subaIV 3   80 — (Estel et al., 
2010)

220 15 3.0  
(HCl)

IC1000/subaIV 3   10 — (Estel et al., 
2010)
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removal rate change, and above 138 nm, the contact area is 
more dominant. However, CMP with particles penetrating 
the film can cause many defects in the post-CMP film, 
which is why the roughness increases with increasing size 
up to 138 nm.

Fumed silica needs adequate electrostatic repulsive force 
for effective dispersion (Estel et al., 2010). Due to its low 
ion impurity content, the IEP of fumed silica falls between 
pH 2 and 3. As a result, fumed silica demonstrated high 
dispersion stability at pH 10, where the surface charge is 
high, but poor dispersion stability near its IEP at pH 3. This 
led to a high removal rate at pH 10, which can be attributed 
to the greater contact area between particles and the film 
substrate. In contrast, a low removal rate was observed at 
pH 4 due to the reduced dispersion stability.

Fumed silica offers several advantages, such as the abil-
ity to be synthesized in large-scale processes to high purity 
levels due to its nearly complete absence of ionic impuri-
ties, as well as the high hardness of the primary particles 
with few pores. In the early days of implementing CMP in 
semiconductor manufacturing processes, fumed silica- 
based CMP slurries were widely used, particularly for in-
terlayer dielectric CMP, to remove the SiO2 layer (Li et al., 
2010). However, excessive energy requirements and harsh 
reaction conditions, which produce toxic gases such as hy-
drogen chloride (HCl), reduced its usefulness in efficiency- 
minded and environmentally conscious societies (Croissant 
et al., 2020). Moreover, as semiconductor devices become 
ever smaller, the standards for defects and scratches are 
becoming more stringent. In conclusion, the shift from 
fumed silica to Stöber silica in CMP slurries for semicon-
ductor manufacturing reflects the industry’s increasing fo-
cus on environmental sustainability, energy efficiency, and 
the need for high-quality materials with better control over 
particle size, shape, and dispersion stability to meet the 
demands of ever-shrinking electronic devices.

3.2 Liquid phase synthesis: Stöber silica
The Stöber method named after Werner Stöber, is a sol-

gel process for synthesizing monodisperse spherical silica 
nanoparticles (Ibrahim et al., 2010). The method involves 
hydrolyzing and condensing alkoxysilane precursors such 
as tetraethyl orthosilicate (TEOS) or tetramethyl orthosili-
cate (TMOS) in the presence of water and alcohol solvents, 
usually under basic conditions. In 1968, Stöber et al. re-
ported the synthesis of spherical monodisperse silica 
nanoparticles using TEOS as the silicon alkoxide and an 
aqueous ethanol solution of ammonia and water (Stöber et 
al., 1968).

Fig. 5(c) is an illustration of particle synthesis mecha-
nism. Silica particles are made into nanoparticles through a 
two-step reaction: hydrolysis and condensation (Ghimire 
and Jaroniec, 2021). In hydrolysis the–OR around the sili-
con in alkoxysilane is changed to –OH, with an alcohol in 

the form of ROH as a byproduct. The alcohol byproduct is 
determined by the alkyl group of alkoxysilane. After the 
hydration reaction with Si(OH)4, condensation proceeds as 
water escapes (Selvarajan et al., 2020). The size and distri-
bution of the particles are affected by the reaction kinetics 
of the hydrolysis and condensation reactions, which are 
strongly influenced by the type of alkyl group of the alco-
hol and silicon alkoxide, the amount of base catalyst, and 
the temperature (Costa et al., 2003; Fernandes et al., 2019; 
Green et al., 2003; Plumeré et al., 2012). The technique 
allowed for the production of nanoparticles between 50 nm 
and 1 μm in diameter with a narrow distribution of spheri-
cal shapes (Fig. 5(d)). Silica synthesized with the Stöber 
method has inspired many research areas, including CMP 
slurries.

When synthesizing Stöber silica, the choice of alkoxysi-
lane precursor (e.g., TEOS or TMOS) can affect the reac-
tivity and overall properties of the synthesized nanoparticles. 
The alkyl in alkoxysilane acts as a leaving group during 
hydrolysis. The larger the molecular weight of the alkyl 
group serving as the leaving group, the slower the reaction 
rate (Costa et al., 2003). The hydrolysis reaction therefore 
proceeds in the order of methyl > ethyl > propyl. A slower 
hydrolysis reaction results in smaller particle size with a 
narrow size distribution, which helps create monodispersed 
particles. However, particles with slow reaction rate may 
lengthen the synthesis time and reduce reaction yields. In 
contrast, TMOS, which has higher reaction rate, leads to 
larger particles with a broader distribution. Due to its bal-
anced properties, TEOS is the most commonly used alkox-
ysilane for silica synthesis.

The high cost of TEOS has been a persistent issue with 
Stöber silica. Soh et al. (1999) developed a process for 
synthesizing TMOS at a significantly lower unit cost by 
reacting silicon and methanol under copper catalyst. As a 
result, research on synthesizing monodisperse silica with 
reduced manufacturing costs has been reported. One 
method involves controlling the molar ratio of water to 
TMOS (Anderson and Carroll, 2011). A higher water-to-
TMOS ratio accelerates hydrolysis and condensation reac-
tions, producing smaller particles with a narrow size 
distribution. Temperature also plays a role in particle size 
and distribution. Higher temperatures accelerate hydrolysis 
and condensation, leading to smaller particles with a nar-
row size distribution. Conversely, lower temperatures de-
celerate reactions, resulting in larger particles with a 
broader size distribution.

The type and concentration of catalyst (acidic or basic) 
used in the Stöber process can significantly affect hydroly-
sis and condensation reaction rates and, therefore the size 
and morphology of silica nanoparticles. Acidic catalysts 
(e.g., HCl) tend to produce smaller particles, while basic 
catalysts (e.g., ammonia) often result in larger particles 
(Ghimire and Jaroniec, 2021). Adjusting the catalyst  
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concentration allows control of reaction kinetics and tuning 
of particle size.

In summary, the chemical composition variables of the 
Stöber method, such as alkoxysilane precursor, catalyst, 
solvent, water-to-precursor ratio, temperature, and reaction 
time, can significantly affect the synthesis results. By con-
trolling these variables, researchers can tailor the size, 
shape, and properties of silica nanoparticles for various 
applications.

Stöber silica is synthesized in liquid phase reaction, has 
Newtonian behavior in its hydrophilic and rheological be-
havior due to the multiple silanol groups on its surface, and 
is highly dispersible. The IEP of silica synthesized using 
the sol–gel method can be affected by the washing process. 
Washing is used to remove residual reactants and impuri-
ties such as unreacted precursors, alcohols, and counter 
ions (Ibrahim et al., 2010). The IEP of silica is closely re-
lated to the presence of silanol groups on the surface and 
the adsorption of counterions (De Keizer et al., 1998; 
Srinivasan et al., 1994; Szekeres et al., 2002; Wells et al., 
2000). During the cleaning process, these counterions can 
be removed, changing the surface charge of silica particles 
and consequently the IEP. For example, if an ammonia 
catalyst remains on a silica particle, the IEP will shift to 
pH 4. This is because the positively charged ammonium 
ions remain inside the silica, making the surface charge 
positive.

Fig. 6 shows the results of CMP of SiO2 film as a func-
tion of pH using silica dispersion according to particle 
synthesis method. In the case of fumed silica slurry, the 
removal rate occurs at strong base conditions above pH 10, 
and the removal rate decreases as it approaches pH 3. This 
is because fumed silica with low dispersion stability is 
prone to agglomeration if sufficient electrostatic attraction 
is not maintained, and active particles are reduced due to 
small contact area. Compared with Stöber silica, fumed 
silica is harder from a mechanical point of view due to 
fewer pores and a higher surface area, and therefore has a 
higher removal rate compared with Stöber silica when it is 
highly dispersible (Estel et al., 2010). In the case of Stöber 

silica, the removal rate is also higher in acidic region, re-
sulting from the higher dispersion stability of Stöber silica 
compared to fumed silica. However, at high pH, the contact 
area decreases because the zeta potential of the film is as 
high as that of Stöber silica.

4. Modification of silica nanoparticles
Stöber silica is also utilized in metal CMP of tungsten 

and copper films, in addition to SiO2 films, due to its high 
acidity and ability to reduce scratches and defects. The 
slurry in which Stöber silica is dispersed contains chemical 
additives such as passivation agents, dispersants, inhibi-
tors, and removal-rate enhancers to improve the zeta poten-
tial of silica in acidic conditions or increase selectivity and 
removal rates (Lee et al., 2016). However, predicting and 
controlling reactions in a slurry system can be challenging, 
as these additives act simultaneously on the film and abra-
sive silica nanoparticles. Consequently, ongoing research 
aims to improve CMP performance by modifying existing 
silica particles and enhancing their surface properties.

As illustrated in Fig. 7, several strategies to improve 
CMP performance are available for modifying silica. One 
is to reduce scratches and roughness by coating the surface 
of silica on a relatively soft core, creating a core–shell 
structure (Fig. 7(a)) (Chen et al., 2015b). Another is to en-
hance the removal rate by coating a harder shell on the sil-
ica core (Fig. 7(b)) (Ma et al., 2018). Some particles 
exhibit improved reactivity by embedding particles with a 
chemically catalytic effect on the silica surface (Fig. 7(c)) 
(Sun et al., 2022). Other particles have a controlled zeta 
potential or improved chemical reactivity through the dop-
ing of other metals (Fig. 7(d)) (Bykov et al., 2021). Finally, 
the zeta potential of particles can be controlled by substitut-
ing surface functional groups or reducing friction force by 
adjusting the hydrophilicity or hydrophobicity (Fig. 7(e)) 
(Björkegren et al., 2017). These strategies are designed to 
optimize the properties of silica particles for CMP applica-
tions, leading to superior performance in semiconductor 
manufacturing.

4.1 Core–shell structure: silica shell
Films made of copper or SiO2, which are relatively soft, 

are susceptible to mechanical damage (Paik and Park, 
2009). The use of hard and large particles during polishing 
can increase defect density, surface roughness, and 
scratches (Guo et al., 2013). To address this issue, composite  
materials made of polymers and silica are being explored 
as an alternative to traditional silica nanoparticles. These 
composites have relatively low hardness, which makes 
them less likely to cause mechanical damage during polish-
ing. To reduce defects while maintaining removal rates, 
researchers have been investigating using organic/inor-
ganic core–shell composites (polymers as the core mate-
rial, with a silica coating on the surface) (Debnath and 

Fig. 6  SiO2 film removal rate as a function of pH in an abrasive-based 
slurry according to a silica synthesis method. Reprinted with permission 
from Ref. (Estel et al., 2010). Copyright: (2010) Springer Nature.
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Khatua, 2011). This approach has shown promise in reduc-
ing defects while maintaining the desired level of material 
removal. Overall, the development of new composite mate-
rials for CMP films can improve the efficiency and quality 
of polishing processes while reducing the risk of damage to 
the finished materials.

When organic–inorganic composites are used as abra-
sives in CMP, polystyrene (PS) and PMMA are mainly 
used as core materials. PS and PMMA offer controllable 
properties, as they can produce particles of various sizes 
and shapes depending on the conditions required in CMP 
(Lee, 2000). Using PS and PMMA is relatively inexpen-
sive, and both are widely available polymeric materials, 
helping reduce process costs. PS and PMMA are chemi-
cally and thermally stable, making them suitable for most 
process environments, and this stability contributes to high 
yields and quality in CMP processes. When organic materi-

als such as PS and PMMA are combined with inorganic 
materials, the interaction between abrasive particles in-
creases, and the flexibility of the organic material improves, 
resulting in enhanced abrasive effects (Chen et al., 2016).

Chen et al., (2014) experimented with measuring modu-
lus of PS/silica core–shell nanocomposites using AFM. 
They functionalized the surface of a 450 nm PS particle 
with azodiisobutyramidine dihydrochloride and allowed it 
to react with TEOS to coat a 10 nm SiO2 shell. As a result, 
the Young’s modulus of the PS particle, originally 2.85 GPa, 
increased by a factor of approximately 1.8, to 5.1 GPa, 
when it became a composite. Considering that the Young’s 
modulus of bulk SiO2 is approximately 70 GPa, the PS/
silica composite is clearly a relatively soft abrasive. Zhang 
et al. (2019) reported that the value of the Young’s modulus 
increased as the thickness of the SiO2 shell increased. 
When performing CMP on SiO2 films with core–shell  

Fig. 7  Classifying silica abrasive surface modifications to improve CMP properties. (a) Core-shell structure of silica shell. Reprinted with permission 
from Ref. (Chen et al., 2015b). Copyright: (2015) Springer Nature. (b) Core-shell structure of silica core. Reprinted with permission from Ref. (Ma et 
al., 2018). Copyright: (2018) Elsevier. (c) Silica doped with other elements. Reprinted permission from Ref. (Sun et al., 2022). Copyright: (2022) Else-
vier. (d) Silica dot-coated with other materials. Reprinted with permission from Ref. (Bykov et al., 2021) under the terms of the CC-BY 4.0 license. 
Copyright: (2021) The Authors, published by De Gruyter. (e) Surface functional group substituted silica. Reprinted with permission from Ref. 
(Björkegren et al., 2017). Copyright: (2017) Elsevier.
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particles, the root mean squared value decreased from 
0.48 nm to 0.37 nm compared with silica particles of the 
same size. This reduction can be attributed to the lower 
Young’s modulus of the nanoparticles compared to that of 
the silica particles, resulting in a decreased volume in-
dented during CMP and improved contact area.

Chen et al. (2017) compared solid silica and mesoporous 
silica coatings on PS surfaces. When coating approxi-
mately 200 nm PS particles with 30 nm silica shell, the 
mesoporous silica shell exhibited similar roughness of 
0.22 nm and 0.25 nm, respectively, compared with the 
solid silica shell. The removal rate was 123 nm/min for 
mesoporous silica shell and 47 nm/min for solid silica 
shell, which can be explained by the higher contact area 
offered with mesoporous silica compared to solid silica.

4.2 Core-shell structure: silica core
Compared with silica, using silica nanoparticles in CMP 

for materials with high hardness can be challenging, as an 
adequate removal rate may be difficult to achieve. How-
ever, harder particles also tend to have reduced dispersion 
stability and can be damaged by scratches (Lei and Zhang, 
2007). As a result, researchers have been attempting to 
create particles with both good dispersion stability and ac-
ceptable removal rate by coating a silica core with other 
materials with greater hardness (Dai et al., 2020; Lei and 
Zhang, 2007). This approach combine the advantages of 
both components, resulting in an improved abrasive for 
CMP applications involving harder materials. Table 4 
summarizes the CMP results for composite particles with 
different core-shell structures using silica as core material.

Dai et al. (2020) coated SiC on a silica surface and ap-
plied a core-shell composite for CMP of a sapphire film 
with a high Mohs hardness of 9.0. SiC has Mohs hardness 
of 9 to 9.5, which enhances the mechanical properties of 
silica. Moreover, silica’s high zeta potential under basic 
conditions gives it superior dispersion stability compared 
with SiC particles. In their experiments, SiC had a zeta 
potential of –44.6 mV at pH 10, while the silica-SiC com-
posite had a zeta potential of –68.8 mV. Consequently, the 
removal rate was approximately double that of silica and 
1.8 times that of SiC, and the respective roughness values 
were 1.9 nm and 1.97 nm for silica and SiC. The core–shell 
composite achieved a roughness of 1.52 nm.

Lei and Zhang (2007) coated alumina on silica surface to 
increase the polishing rate and flatness of nickel phospho-
rus (NiP). Alumina particles had a zeta potential of 
–40.8 mV, whereas silica–alumina composite achieved 
greater dispersion stability at –60.1 mV. In this experiment, 
while the polishing rate was lower for the core-shell com-
posite compared with alumina, the roughness decreased by 
approximately 33 %.

Ding et al. (2022) employed a silica-diamond composite 
for ZrO2 CMP. In this case, a core-shell composite using 

silica as the core had a higher zeta potential compared with 
a nanodiamond, ranging from –35 mV to –55 mV, leading 
to improvements in both removal rate and roughness, as 
confirmed by CMP results.

Although the same silica material was used in other 
core–shell composites, one study compared solid silica and 
core–shell particles coated with mesoporous silica on solid 
silica (Chen et al., 2018). Mesoporous silica has larger 
contact area than solid silica but mechanically weaker. To 
enhance the mechanical strength and increase the contact 
area, core–shell structure was adopted, which resulted in an 
improved removal rate.

4.3 Metal doped silica nanoparticles
Increasing the absolute value of zeta potential of silica 

can further enhance its dispersion stability. Metal-doped 
silica modification can maintain the spherical shape of sil-
ica while shifting its IEP. Silica is a material in which Si4+ 
ions form covalent bonds with oxygen (Tao et al., 2010). 
Doping or substituting the Si4+ site with metal ions carrying 
a 3+ charge increases the negative zeta potential of silica 
and shifts the IEP toward the acidic range, or even gives it 
a negative charge throughout the entire pH range. This al-
lows for high dispersion stability in the challenging pH 2–3 
range of silica’s IEP, making it suitable for use in CMP 
slurries. The conditions for metals used in silica doping 
require the metal ions to be similar in size to silicon ions 
and carry a charge lower than 4+.

Doping with Sm3+, Nb3+, Al3+, Fe3+, and Co3+ ions, 
which meet these criteria has been reported (Lei et al., 
2019; Liu and Lei, 2017; Ma et al., 2015; Sun et al., 2022). 
Silica doped with these ions maintains smooth surface and 
has higher zeta potential than un-doped silica, resulting in 
higher dispersion stability. While it is theoretically possible 
to dope with ions carrying a charge higher than Si4+ to 
achieve positive charge, there are no reports of this being 
accomplished. The size of ions carrying 5+ charge is pre-
sumably not suitable for silica doping.

In a report on silica doped with Fe3+ ions, Sun et al. 
(2022) clarified the conditions and mechanism for synthe-
sizing doped silica. Silica dissolves as tetrahedral Si(OH)4 
in highly alkaline conditions at high temperatures (Niibori 
et al., 2000). At the same time, metal hydroxides with sim-
ilar tetrahedral structure can replace vacant Si(OH)4 sites. 
According to Sun et al. (2022), the synthesis of pH is cru-
cial in this reaction and proceeds under conditions in which 
Si(OH)4 can dissolve. Fig. 8 illustrates Fe3+ ion doping and 
coating as a function of pH. At pH 11, the silica surface 
dissolves as Si(OH)4, and Fe3+ exists as Fe(OH)4

–, allowing 
the doping reaction to proceed. In contrast, at pH 5, 
Si(OH)4 dissolution rarely occurred, and iron hydroxide 
coated the silica surface.

Using such reactions, researchers synthesized silica par-
ticles with various metal-ion doping and high dispersion 
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stability. These particles were applied in CMP to achieve 
higher removal rates and planarity. This method modifies 
silica properties without significantly altering its mechani-
cal properties.

4.4 Metal compound dot-coated silica 
nanoparticles

Silica nanoparticles are chemically unreactive, and it is 
unrealistic to expect a catalytic effect from silica alone in 
CMP (Eppler et al., 2000). However, silica can serve as 
template for highly reactive catalysts. In other words, by 
coating the surface of silica particles with highly reactive 
catalysts, it is possible to synthesize abrasives with cata-
lytic effects and apply them to CMP (Giraldo et al., 2007; 
Janaun and Ellis, 2011).

Zhang et al. (2017) investigated the use of an Ag2O– 
silica composite to enhance the removal rate of sapphire 
CMP. Ag+ in Ag2O acts as a catalyst to react Al2O3 with 
SiO2, forming aluminum silicon oxide (AlxSiyO). The rela-
tively weak AlxSiyO on the sapphire surface can be easily 

removed by silica abrasive, ensuring a high removal rate in 
the hard sapphire CMP. Yin et al. applied MgO-doped silica 
as a more affordable alternative to expensive Ag2O to im-
prove the removal rate of sapphire CMP. Adding MgO un-
der alkaline conditions causes the Al–O–Al chemical 
bonds to break more easily, and the formed softening layer 
is more easily removed from the surface. At the same time, 
reactions of MgO with the sapphire substrate surface pro-
duced MgAl2O4. The reaction products of H2O, MgO, 
SiO2, and Al2O3, such as Al2Si2O7–2H2O, MgAl2O4, and 
the softening layer of Al2SiO5, can be easily removed by 
mechanical action.

Kang et al. (2010) studied silica-containing iron metal 
for CMP of tungsten. In this process, H2O2 was added to 
form WO3 on the tungsten surface. The metal catalyst de-
composed H2O2 through Fenton reaction, generating highly 
reactive OH radicals. The iron metal on silica surface acted 
as a catalyst for decomposing H2O2. Kang et al. reported 
achieving the same level of CMP performance by compar-
ing two cases: one in which iron ion was added as an  

Table 4  CMP results using core-shell composite abrasive.

Core Shell pH CMP equipment CMP pad Substrate Removal 
rate

Roughness Reference

Silica — 10 UNIPOL-1502 
(Kejing Co. Ltd.)

Polyurethane pad  
(DOW Chemical)

Sapphire 0.15 μm/h Ra: 1.90 nm (Dai et al., 2020)

SiC — 10.5 UNIPOL-1502 
(Kejing Co. Ltd.)

Polyurethane pad  
(DOW Chemical)

Sapphire 0.17 μm/h Ra: 1.97 nm (Dai et al., 2020)

SiC Silica 10.5 UNIPOL-1502 
(Kejing Co. Ltd.)

Polyurethane pad  
(DOW Chemical)

Sapphire 0.31 μm/h Ra: 1.52 nm (Dai et al., 2020)

Alumina — 9–10 SPEED-
FAM-16B-4M 
(SPEEDFAM Co. 
Ltd.)

Rodel porous 
polyurethane pad  
(DOW Chemical)

NiP 540 nm/min Ra: 0.7 nm (Lei and Zhang, 
2007)

Alumina Silica 9–10 SPEED-
FAM-16B-4M 
(SPEEDFAM Co. 
Ltd.)

Rodel porous 
polyurethane pad  
(DOW Chemical)

NiP 440 nm/min Ra: 0.45 nm (Lei and Zhang, 
2007)

Silica — 10 UNIPOL-1000S 
(Kejing Co. Ltd.)

Rodel porous 
polyurethane pad  
(DOW Chemical)

ZrO2 0.142 μm/h Ra: 2.49 nm (Ding et al., 2022)

Nano 
diamond

— 10 UNIPOL-1000S 
(Kejing Co. Ltd.)

Rodel porous 
polyurethane pad  
(DOW Chemical)

ZrO2 0.91 μm/h Ra: 9.92 nm (Ding et al., 2022)

Nano 
diamond

Silica 10 UNIPOL-1000S 
(Kejing Co. Ltd.)

Rodel porous 
polyurethane pad  
(DOW Chemical)

ZrO2 1.062 μm/h Ra: 2.26 nm (Ding et al., 2022)

Silica  
(solid)

— 8 TegraForce-1/
TrgraPol-15 
(Struers)

Porous polyure-
thane pad  
(MD-Chem)

SiO2 137 μm/min RMS: 
0.343 nm

(Chen et al., 2018)

Silica  
(solid)

Mesoporous 
silica

8 TegraForce-1/
TrgraPol-15 
(Struers)

Porous polyure-
thane pad  
(MD-Chem)

SiO2 269 nm/min RMS: 
0.203 nm

(Chen et al., 2018)
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additive, and another where iron metal–silica composite 
was applied. To address the issue of poor dispersion stabil-
ity of silica in the acidic region of pH 2, where iron metal- 
silica is typically applied, Kim et al. (2017) proposed a 
CuO–silica composite that can be utilized at pH 6. CuO can 
decompose H2O2 through Fenton-like reaction, which also 
occurs in neutral regions. They reported the successful use 
of silica particles with CuO catalyst.

4.5 Functionalization of surfaces on silica 
nanoparticles

Surface functionalization of silica nanoparticles involves 

altering the particle surface properties of silica by attaching 
specific functional groups or molecules. This process is 
crucial in enhancing the attributes of silica nanoparticles 
for a range of applications, such as drug delivery, sensors, 
catalysis, and environmental remediation (Nayl et al., 
2022). CMP is often employed to enhance surface charge, 
control adsorption to passivation agents or films, and man-
age friction (Seo, 2021).

Silane coupling agents such as organosilanes are com-
monly used to functionalize silica nanoparticle surfaces 
(Karnati et al., 2020). These molecules possess a reactive 
silicon-containing group (e.g., alkoxysilane or chlorosilane)  

Fig. 8  Schematic from mechanistic perspective of pH-dependent doping and coating of Fe on silica surfaces. Reprinted with permission from Ref. (Sun 
et al., 2022). Copyright: (2022) Elsevier B.V.

Fig. 9  (a) Reaction mechanism for the surface modification of silica nanoparticles using silane coupling agent. (b) Effect of pH on hydrolysis and 
condensation rates. Reprinted with permission from Ref. (Gutiérrez-Climente et al., 2021). Copyright: (2021) The Royal Society of Chemistry. (c) The 
structure of silica surface functional groups upon partially or fully hydrolyzed organosilane (APTES).
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Table 5  Organosilane coupling agents for improving properties of silica nanoparticles.

Classifica-
tion

Chemical name Molecular structure Properties Reference

Amino 
silanes

(N,N-Dimethyl-3-aminopropyl)trimethoxysilane Increased interac-
tion with surfac-
tants

(Wang et 
al., 2019)

3-aminopropylsilane IEP shift (Increas-
ing positive 
charge)

(Wang et 
al., 2019)

Epoxy 
silanes

3-Glycidoxypropylmethyldimethoxysilane Improving adhe-
sion to film

(Pan et al., 
2016)

2-(3,4-Epoxycyclohexyl)ethyl]trimethoxysilane Improving adhe-
sion to film

(Pan et al., 
2016)

Acryl 
silanes

3-Acetoxypropyltrimethoxysilane Supplying electro-
philic reaction sites

(Göppert et 
al., 2023)

3-Methacryloxypropylmethyldiethoxysilane (Göppert et 
al., 2023)

Vinyl 
silanes

Vinyltrimethoxysilane Supplying nucleo-
philic reaction sites

(Nasab and 
Kiasat, 
2016)

Triethoxyvinylsilane (Nasab and 
Kiasat, 
2016)

Vinyl tris(2-methoxyethoxy) silane (Nasab and 
Kiasat, 
2016)

Phenyl 
silanes

Diphenyldimethoxysilane Increased interac-
tion with surfac-
tants

(Chen et 
al., 2004)

Phenylmethyldimethoxysilane (Chen et 
al., 2004)

Alkyl 
silanes

Isobutyltriethoxysilane Improving hydro-
phobic properties
Decreasing friction 
force

(Wang and 
Zhang, 
2020)

n-Hexadecyltrimethoxysilane (Wang and 
Zhang, 
2020)

Dodecyltrimethoxysilane (Wang and 
Zhang, 
2020)

Triethoxyoctylsilane (Wang and 
Zhang, 
2020)
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that can bind to the silanol groups present on the silica 
surface, and an organic functional group (e.g., an amine, 
thiol, or carboxyl) capable of reacting with other molecules 
or biomolecules (Franz and Wilson, 2013). By selecting 
appropriate silane-coupling agent, various functional 
groups can be introduced onto the silica surface. Fig. 9(a) 
depicts the reaction between organosilane and silanol 
groups on the surface of silica nanoparticle. Initially, the 
organosilane reacts with water and undergoes hydrolysis to 
form hydroxyl groups, and then the functional groups of 
the organosilane are exposed on the silica surface as the 
hydroxyl groups condense on the silanol groups on the sil-
ica surface (Li et al., 2021).

For successful functionalization, it is crucial to ensure 
that no particles form due to condensation between orga-
nosilanes. Fig. 9(b) depicts the rate of hydrolysis and con-
densation reactions depending on pH (Gutiérrez-Climente 
et al., 2021; Chiriac et al., 2010). In highly acidic or basic 
conditions, in which both reaction rates are high, organos-
ilanes react primarily with each other, leading to particle 
formation (Argekar et al., 2013). However, at a neutral pH 
of 7, the reaction rate is too slow, resulting in partial hydro-
lysis (Fig. 9(c)), with bridging between methoxy groups. 
The functionalization reaction is therefore typically carried 
out in a slightly acidic environment of pH 4–6. Table 5 
categorizes organosilanes and summarizes the properties of 
silica during functionalization. For complete hydrolysis 
through functionalization reaction of each organosilane, it 
is essential to control the concentration of organosilanes 
and temperature, taking into account the number of silanol 
groups on the silica nanoparticles.

5. Conclusion
Silica nanoparticles are used extensively in CMP, and 

their performance can be improved through modification 
techniques such as surface functionalization, core–shell 
structure formation, coating or doping with other metal at-
oms. These particles reduce defects and scratches, improve 
flatness and uniformity, and increase the removal rate and 
selectivity. The careful selection and utilization of nanopar-
ticles with these properties therefore has significant impact 
on the efficiency of CMP. This review offers valuable infor-
mation on how to improve the quality of products and re-
duce costs in the semiconductor industry. The development 
of silica nanoparticles is currently an important area of re-
search. Different synthesis methods were applied to CMP 
slurries and their properties were investigated. Further 
study of their properties and synthesis methods will be of 
great help in creating better products in semiconductor in-
dustry.
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The Effect of Process Conditions on Powder Flow Properties  
for Slow Flow Regimes †

Sina Zinatlou Ajabshir, Diego Barletta * and Massimo Poletto
Dipartimento di Ingegneria Industriale, Università degli Studi di Salerno, Italy

In several industrial units and applications, particulate solids are 
exposed to peculiar process conditions that significantly affect their 
flowability. Accurate characterisation and prediction of these effects are 
crucial for proper design and operation control of the processes. Liquid 
content, environmental humidity, and temperature can directly modify 
the type and magnitude of the interparticle forces and, thus, the cohesive 
behaviour at the bulk scale. This paper reports a critical review of 
experimental and modelling studies regarding the quantitative 
assessment of the effect of powder liquid content, environmental gas 
humidity and temperature on the mechanics of dense particle 
assemblies. Particular attention is paid to novel setups and experimental 
protocols that aim to go beyond the limits of standard and commercial 
instruments. A multiscale approach is followed from the particle level to the bulk level.

Keywords: powder flow properties, cohesion, liquid content, humidity, temperature, capillary condensation

1. Introduction
The rheology of dense particle assemblies plays a major 

role not only in several conventional unit operations (stor-
age, handling, mixing, fluidisation, granulation, and mill-
ing) but also in more recent applications such as additive 
manufacturing (Cordova et al., 2020), pharmaceutical dry 
powder delivery (Price et al., 2002), calcium looping reac-
tors (Durán-Olivencia et al., 2023), concentrated solar 
thermal technologies (Tregambi et al., 2021), plastic waste 
valorisation (Kartik et al., 2022), and dry battery manufac-
turing (Gyulai et al., 2023). Process conditions relevant to 
different industrial unit operations significantly impact 
particle interactions and, thus, average bulk flow proper-
ties. First, different flow regimes ranging from slow to in-
termediate and rapid exhibit very different phenomena and, 
therefore, are described by peculiar models that relate solid 
stress and velocity fields depending on the relevant strain 
rates. Boundaries between different regimes were proposed 
in terms of dimensionless inertial number as the ratio be-
tween the time scale associated with the consolidation 
stress and the time scale of the strain, as summarised in re-
cent comprehensive surveys (Francia et al., 2021; Mort et 
al., 2015). Therefore, all these regimes will not be covered 
in this review work. The focus of the present review will be 

on the effect of significant process parameters such as tem-
perature and liquid content particulate systems in the  
quasi-static regime.

Several experimental and theoretical studies have 
demonstrated that the flow behaviour of particulate sys-
tems at the bulk level is the macroscopic result of solid–
solid interactions and fluid–solid interactions at the 
microscopic particle level. As a result, a multiscale ap-
proach is required.

1.1 Powder flow properties and interparticle 
forces

Powder flow properties in the quasi-static regime result 
from the frictional and cohesive interactions of particle as-
semblies. A macroscopic description of the incipient flow is 
performed by comparing the state of stress in the granular 
medium with a plastic yield criterion.

The Mohr circle gives a graphical representation of the 
distribution of normal stress, σ, and shear stress, τ, in a 
plane (Fig. 1). The intercepts of the Mohr circle with the σ 
axis correspond to the major principal stress, σ1, and the 
minor principal stress, σ2, with σ1 > σ2. The first attempt to 
describe the frictional component was made by Coulomb, 
who treated the solids as a rigid plastic material. According 
to this theory, in a simple shear problem, powder yielding 
occurs only when, along a direction, the shear stress 
reaches a limit value related to the normal stress:

tanτ σ c    

 

(1) 

 

 

  

 (1)

where c is the material cohesion and ϕ is the angle of  
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internal friction. Different mathematical functions account-
ing for the curvature of the yield locus have been proposed, 
such as the Warren Spring equation (Orband and Geldart, 
1997), but the Coulomb equation remains the most used for 
its simplicity.

This approach can be generalised to the three- 
dimensional case in terms of a yield criterion, which indi-
cates the limit stress state corresponding to powder  
yielding. When cohesion cannot be neglected, the material’s  
cohesive strength can be derived for compressive deforma-
tion along one principal direction, assuming that negligible 
stress is applied along the orthogonal principal directions 
or, alternatively, for traction deformation. The correspond-
ing values are the unconfined yield strength, fc, and the 
uniaxial tensile strength, σt, as shown in Fig. 1. A common 
representation of flowability is presented in terms of a plot 
of fc vs σ1, referred to as flow function, which can be com-
pared to the flowability class bounded by constant values of 
the flow factor, ffc = σ1/fc, according to the classification 
proposed by Jenike (1964) and completed by Tomas and 
Schubert (1985) (Fig. 2).

Several defined consolidation methods, including shear 
testers, tensile testers, and rheometers, have been devel-
oped to measure bulk powder flow properties, as recently 

surveyed by Barletta et al. (2019). There are open issues for 
further scientific research and technical development re-
garding the characterisation of small powder samples un-
der low consolidation stress (below 1 kPa) (Ghadiri et al., 
2020).

Interparticle forces affecting bulk-scale behaviour are of 
three main types: van der Waals, capillary and electrostatic 
forces (Seville et al., 1997). Their intensity is conveniently 
related to the gravitational force acting on a single particle 
of the reference size by the dimensionless granular Bond 
number (Capece et al., 2015, 2016; Castellanos, 2005).

The direct measurement of interparticle adhesive forces 
appeared challenging; the pull-off experiment with atomic 
force microscopy was extensively used, but the results are 
often affected by limited repeatability mainly due to parti-
cle surface roughness and asperities, causing wide disper-
sion of the characteristic size of the interparticle contact 
and, therefore, of the resulting force (Castellanos, 2005; 
Rabinovich et al., 2000a).

A theoretical link between the forces at the particle level 
and the strength of the material at the bulk level can be de-
rived for spherical particles assuming a simplified isostatic 
state of stress (Rumpf, 1962). This approach has often been 
applied to estimate the average values of interparticle 
forces from bulk-scale experimental data (Sofia et al., 
2018; Tomas, 2003). In this case, the role of nanoscale as-
perities must also be properly accounted for to obtain cor-
rect quantification (Jallo et al., 2012; LaMarche et al., 
2016; Rabinovich et al., 2000b).

2. Effect of liquid content and environmental 
humidity

2.1 Liquid content
By adding water, moisture, or any other liquid to the 

powder sample, liquid bridges can form between particles, 
giving rise to capillary interparticle forces (Mason and 
Clark, 1965). However, the intensity of capillary forces 
does not increase monotonically with increasing liquid 
amount because different liquid distributions arise depend-
ing on the liquid saturation amount (Pietsch et al., 1969), 
which is defined as the volumetric fraction of interparticle 
voids occupied by the liquid and can be derived from the 
liquid content on a dry basis, xw, as follows:
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where ε is the volumetric fraction of interparticle voids in 
the powder, ρs is the particle density and ρl is the liquid 
density. In fact, by progressively increasing S, isolated liq-
uid bridges between neighbouring particles can first form 
(pendular state); then, liquid bridges and liquid menisci on 
the particle surface roughness co-exist (funicular state); fi-
nally, the liquid fills all the available interparticle voids 
(capillary state) (Fig. 3) (Chen and Roberts, 2018; Coelho 
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Fig. 1 Mohr-Coulomb analysis on a yield locus to derive powder flow 
properties.
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Fig. 2 Flow functions of zeolite T804 at changing temperatures (150, 
300 and 500 °C) ranked according to the Jenike flowability classifica-
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terms of the CC BY-NC-ND 4.0 license. Copyright: (2022) The Authors, 
published by Elsevier.
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and Harnby, 1978a; Pietsch, 1968). Moreover, the spatial 
distribution of interparticle voids depends on the particle 
size distribution, particle shapes, and packing level and 
thus plays an important role in the capillary networks and 
on the effective saturation level, as highlighted by 2D and 
3D images obtained by X-ray microtomography (Badetti et 
al., 2018; Louati et al., 2017). The presence of liquid can 
play a role in the formation of interparticle solid bridges. 
This phenomenon, referred to as caking, not covered in this 
paper, is deeply surveyed in the literature (Zafar et al., 
2017).

The effect of the presence of liquid in the interparticle 
voids on cohesive powder properties was investigated us-
ing tensile testers, shear cells, and rheometers.

2.1.1 Measurement of the tensile strength and 
modelling

Experimental studies on the tensile strength of wet pow-
der samples, by direct measurement or by split-cell testers 
(Eaves and Jones, 1972a, 1972b; Pierrat and Caram, 1997a; 
Pietsch et al., 1969; Schubert et al., 1975) or derivation 
from yield loci (Louati et al., 2017), highlighted different 
behaviours depending on the liquid content and the dry 
powder properties. Generally, for coarse or fine inorganic 
powders (particle size distribution, PSD, between 30 and 
350 μm) not showing cohesive strength under dry condi-
tions, an increase of the tensile strength was observed with 
increasing liquid content until a plateau was reached for a 
range of values of the amount of liquid and then, for much 
higher liquid saturation, a further significant rise of the 
strength was registered (Eaves and Jones, 1972a; Louati et 
al., 2017; Schubert, 1984). This result was explained by a 
physical interpretation based on the transition between dif-
ferent saturation states and the consequent effect on the 
forces acting at the particle level.

The tensile strength σt can be estimated at low saturation 
levels, assuming a pendular state, using the Rumpf equa-

tion:
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where Fc is the capillary force, k is the coordination num-
ber, and d is the mean particle size (Pietsch et al., 1969; 
Rumpf, 1962).

For very high saturation levels, particles are surrounded 
by the liquid in the capillary state; thus, the tensile strength 
is proportional to the capillary pressure, Pc, by a factor 
equal to the saturation:
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For intermediate saturation levels corresponding to the fu-
nicular state, both contributions are present with a weigh-
ing factor that depends on the saturation value:
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where S1 is the critical liquid saturation between the pendu-
lar and the funicular state while S2 is the critical liquid sat-
uration between the funicular and capillary states. S1 can 
vary between 0.25 and 0.5, while S2 is generally larger than 
0.9 (Pierrat and Caram, 1997a).

The capillary pressure Pc, present in Eqn. (4), can be 
estimated by the following equation:
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where γ is the liquid surface tension and a′ is a constant 
depending on the particulate material, assuming a value 
between 6 and 8 and between 1.9 and 14.5 for narrow and 
wide particle size distributions, respectively (Schubert, 
1984).

For particles below 1 mm, the capillary force Fc, appear-
ing in Eqn. (3), can be estimated as the sum of two main 
contributions: the first is the axial component of the surface 
tension force, Fc, at the interface between solid, liquid, and 
gas, which always results in an attractive force; the second 
is the force, Fp, caused by the change in pressure in the 
liquid bridge with respect to the atmospheric value due to 
the curvature of the liquid interface:
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Assuming a saddle-shaped liquid bridge according to the 
Laplace–Young equation, the pressure difference between 
air and liquid is given by
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where R1 and R2 are the characteristic curvature radii of a 
liquid bridge (one is convex and is related to the narrowest 
circular cross-section of the bridge; the other approximates 
the curvature radius of the toroidal concavity, Fig. 4). The 
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Fig. 3 Tensile strength at increasing saturation. Adapted with permis-
sion from Ref. (Chen and Roberts, 2018). Copyright: (2018) Elsevier.
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pressure force turns out to be generally attractive because a 
pressure reduction is established in the liquid bridge (in 
fact R2 > R1), but it could be repulsive if a pressure increase 
arose.

Gradually increasing the liquid content to the funicular 
state, the attractive force Fp due to suction at the gas–liquid 
interface can reduce the distance (Chen and Roberts, 2018) 
between the particles connected by the liquid and create an 
uneven spatial distribution of the interparticle voids. Gen-
erally, the resulting average bondage also reduces (Louati 
et al., 2017).

In the pendular regime, several theoretical equations for 
the capillary force proposed in the literature differ for the 
assumptions made regarding the size and shape of the two 
particles in contact with the liquid bridge and the geometry 
of the liquid bridge itself, including the liquid contact angle 
of the liquid on solid surfaces. Equations were more easily 
derived by assuming spherical particles, zero contact an-
gles, and a toroidal bridge. The general form of the total 
capillary force is

c

F Kγr   
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where r is a characteristic curvature radius of the particle 
surface in contact with the liquid bridge, and K is a com-
plex function of several geometrical parameters of the liq-
uid bridge, such as the interparticle distance, the half-angle 
of the liquid bridge (also referred to as filling angle), and 
the contact angle. More details on capillary forces between 
surfaces of different shapes (between sphere and sphere, 
between sphere, cone, cylinder and plane), with and with-
out microscale roughness, can be found elsewhere (Butt 
and Kappl, 2009).

The combination of Eqns. (3) to (9) predicts the possible 
existence of the plateau of the tensile strength experimen-
tally observed in the pendular regime. Moreover, following 
the analysis for a single liquid bridge forming between two 
equal spherical particles, the capillary force may increase 
up to a plateau value with increasing filling angle, which is 
related to the overall liquid saturation (Weigert and 
Ripperger, 1999) since the contribution due to the surface 
tension rises monotonically while the force due to the suc-
tion initially assumes increasing positive values (attractive) 
then, after reaching a maximum, decreases down to nega-

tive values (repulsive) for a range of values of the ratio 
between the interparticle distance and the particle size be-
tween 5 × 10–2 and 0.5 (Pierrat and Caram, 1997a; Pietsch 
and Rumpf, 1967). Moreover, by increasing the liquid sat-
uration in a powder sample, the average number of liquid 
bridges per particle increases until a roughly constant value 
is reached in the pendular regime (Kohonen et al., 2004). 
However, micro cracks and roughness on the particle sur-
face could absorb liquid from the surface, reducing the 
probability of liquid bridge formation and, thus, the capil-
lary force (Johanson et al., 2003).

Peculiar observations have been made for very fine pow-
ders (PSD mostly below 15 μm) with cohesive properties at 
very low moisture contents (Eaves and Jones, 1972a; 
1972b). In fact, the tensile strength reaches a maximum 
value at a very limited amount of liquid (lower than 1–2 % 
w/w dry basis), then decreases with increasing liquid 
amount up to 50 % of the maximum value for liquid con-
tent between 5 % and 10 % w/w dry basis. This trend was 
interpreted by Eaves et al. (1972b), assuming that free wa-
ter on the particle surface could swamp microcontacts be-
tween particles and, thus, cause a reduction in the intensity 
of van der Waals forces not balanced by the increase in 
capillary forces. In fact, this trend is in qualitative agree-
ment with the prediction that the capillary force decreases 
as a function of the filling angle for the case where the ratio 
between the interparticle distance and the particle size 
tends to zero for equal spherical particles (Pietsch and 
Rumpf, 1967).

2.1.2 Measurement of the yield loci
Direct shear tests with translational and rotational cells 

confirmed the effect of capillary forces on bulk flow prop-
erties on a range of fine powders with increasing content of 
different liquids such as water, aqueous solutions, and oil 
(Althaus and Windhab, 2012; Badetti et al., 2018; Emery et 
al., 2009; Johanson et al., 2003; Louati et al., 2017; Lu et 
al., 2018; Pierrat et al., 1998; Pierrat and Caram, 1997a).

Inspection of experimental yield loci highlighted that the 
cohesion increased with increasing liquid content in the 
low range (<5–10 % w/w), whereas the internal friction 
angle remained almost unchanged. The increase in cohe-
sion appears to be more pronounced for higher consolida-
tion stress values (Johanson et al., 2003; Louati et al., 
2017). A quantitative prediction of the cohesion increase 
was proposed with the so-called theory of shift of a lin-
earised yield locus, assuming a constant value of the angle 
of friction ϕ (Pierrat et al., 1998). The shift of the yield lo-
cus is estimated in terms of the reduction of the normal 
stress, Δσ, providing the same shear strength in the dry 
condition. An expression of Δσ as a function of the changes 
in the tensile strength, Δσt, is proposed:
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Fig. 4 Liquid bridge and characteristic radii in Eqn. (8).
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This equation shows that a wet powder yield locus shifts to 
the left compared to that for dry conditions. Δσt can be di-
rectly measured by a split cell or derived from model pre-
dictions according to Eqn. (5).

An irregular particle shape can drive a different effect of 
the liquid presence on the cohesive strength (Emery et al., 
2009). In fact, for needle-shaped particles (e.g. aspartame 
powders), an optimal moisture content value was found to 
improve flowability. By increasing the liquid content, an 
improvement of flowability (increase of the flow factor or 
decrease of cohesive strength) was observed because of the 
formation of round-shaped agglomerates, while going be-
yond this critical moisture value (e.g. 5 % w/w), the flow-
ability decreased because of increments of capillary forces 
of liquid bridges between agglomerates. In contrast, for 
particles ranging from spheres to elongated shapes with 
smooth edges (e.g., Hydroxypropyl Methylcellulose pow-
ders), a more cohesive behaviour was obtained by increas-
ing the water content (5 % w/w). Then, an improvement in 
flowability for higher moisture contents (10 % w/w) was 
interpreted, considering the possible lubricating effect of a 
thick layer of liquid on the particle surface.

Prediction of the effect of moisture on powders consist-
ing of porous particles appeared to be more challenging 
because it is necessary to estimate the amount of liquid 
penetrating the particle porosity and, thus, not available for 
the formation of liquid bridges (Lu et al., 2018).

A more complete survey of the experimental and model-
ling results on the effect of liquid content is reported in 
Table 1.

2.2 Effect of capillary condensation
Liquid water or moisture content in powders can be 

caused by the exposition of the sample to a humid atmo-
sphere and the consequent capillary condensation leading 
to liquid bridge formation (Coelho and Harnby, 1978b). 
Such phenomena typically occur in storage containers and 
process units such as dryers and fluidised bed reactors. 
Capillary condensation was studied by directly observing 
liquid bridges between particles and indirectly measuring 
the induced cohesive properties at the bulk level.

Capillary condensation is possible for the reduction of 
the vapour pressure of water due to the reduced pressure 
within the liquid bridge determined by the surface tension 
acting over a curved concave interfacial surface with air. 
The modified vapour pressure is described by the Kelvin 
equation:
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where ps0 is the vapour pressure of the liquid, ps is the va-
pour pressure over a curved surface, MW is the molecular 
weight of water, Rg is the universal gas constant, and T is 
temperature. Δp is the pressure difference between gas and 

liquid, as predicted by the Laplace–Young equation, 
Eqn. (8).

As a result, regardless of the relative (air) humidity 
(RH), condensation occurs in liquid bridges or other liquid 
menisci with concave curvature radii small enough to pro-
vide a decrease in the liquid pressure sufficient to lower ps 
below the water partial pressure. At equilibrium, it is
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Experiments using a simplified translational shear cell 
were performed on various powders with different PSD 
limits and particle shapes under controlled air humidity 
conditions in a climatic chamber (Elbirli et al., 1982). The 
results highlighted that the effect of humidity on the pow-
der shear strength varies significantly with the geometrical 
features of the particle surface and the resulting curvature 
of interparticle contact points, as well as with the surface 
hydrophilic/hydrophobic properties. In fact, for silane- 
coated glass beads and TiO2 particles with almost spherical 
contact points (PSD range 125–190 μm) and hydrophobic 
surfaces, the effect of air humidity was nearly negligible, 
and a small reduction in cohesive strength was observed for 
RH < 90 %. These results do not contradict the theoretical 
prediction of the capillary force due to capillary condensa-
tion at increasing RH on spherical particles, obtained by 
combining the Kelvin and Laplace–Young equations with 
the capillary force equation as the sum of the surface ten-
sion force and the pressure force (Coughlin et al., 1982). 
Instead, for powder with more irregularly shaped particles 
and rough surfaces, such as amorphous silica (PSD range 
0.4–15 μm), an increase in cohesive strength was found 
with increasing RH. However, different trends were ob-
served, including the observation of a minimum or maxi-
mum strength for critical humidity values. Interpretations 
can be attempted on a case-by-case inspection of SEM im-
ages of the particles, revealing very irregular shapes, in-
cluding flat sides, elongated shapes, and eventually 
agglomerates of particles that play a complex role in the 
contact point distribution and effective capillary condensa-
tion.

The role of the roughness of the particle surface on cap-
illary condensation has been widely studied by several au-
thors on theoretical grounds. The presence of asperities 
must be taken into account when modelling liquid conden-
sation at the contact point between a conical asperity and a 
flat surface, highlighting the prevailing contribution of the 
capillary suction force (Coughlin et al., 1982). The result-
ing adhesive force increased with increasing relative hu-
midity (RH). A more significant increase was predicted for 
larger cone half-angle values. However, because the char-
acteristic size of the calculated liquid bridge did not exceed 
a few nanometers, a length comparable with the molecular 
scale, until RH > 0.3, quantitative values are affected by 
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significant uncertainty at low RH. An extension of the 
analysis to a couple of generic curved asperities in contact 
highlighted the significant effect of curvature on the acting 
force. For smooth micrometric spherical particles, the cap-
illary force is mainly proportional to the particle radius and 
is not significantly affected by the relative humidity (Boc-

quet et al., 1998). Instead, capillary condensation is rele-
vant to asperities of nanometric size, comparable to the 
Kelvin length, that is, the concave curvature radii allowing 
condensation at RH ≈ 0.1 (Butt, 2008), explaining the onset 
of capillary forces. A more comprehensive model,  
experimentally validated by AFM measurements, has been 

Table 1 Overview of case studies on the effect of liquid content on powder strength, friction and cohesion (chronological order).

Reference Liquid content 
(%)

Powders/Tester/Properties Main results

(Pietsch et al., 1969) 0–21  
(Water)

Limestone/agglomerate TS 
tester/TS

TS increases with moisture up to a plateau and then 
continues to increase. Model for pendular and capillary 
regimes.

(Eaves and Jones, 1972a) 0–17  
(Water)

Sodium chloride/split-cell TS 
tester/TS

PSD influence: for coarse powders, TS increases with 
moisture up to a plateau; for fine powders, a maximum 
value is found at a very limited amount of liquid 
(<1–2 % w/w dry basis), then decreases with increas-
ing liquid amount up to 50 % for liquid content 
between 5 % and 10 % w/w dry basis.

(Eaves and Jones, 1972b) 0–15  
(Water)

Ca phosphate, glass beads, 
potassium chloride/split-cell 
Parfitt TS tester/TS

The TS of calcium phosphate is almost constant with 
moisture due to porous particles. 

(Pierrat and Caram, 
1997b)

0.7–8  
(Water, surfac-
tants)

Glass beads/Parfitt TS tester 
with a larger split cell/YL

TS increases with liquid content up to a plateau in the 
pendular regime and strongly depends on powder bed 
voidage; a correlation is proposed.

(Pierrat et al., 1998) 1.3–25  
(Water)

Crushed limestone, Super D 
catalyst, Leslie coal, glass 
beads/translational ST/YL

Increase in cohesion with moisture. AIF is almost 
independent of moisture. Proposed equation for the 
yield locus shift with moisture.

(Johanson et al., 2003) 0–0.12 (Oil) Glass beads/Schulze ST/FF Increase in UYS with oil content. UYS decreases with 
increasing particle size.

(Richefeu et al., 2006) 0–3  
(Distilled 
water)

Sand grains, glass beads/
Translational ST/YL

Increase of cohesion to a plateau value with moisture.

(Althaus and Windhab, 
2012)

18–30  
(Aq. solution 
with dextrin)

Glass beads and silica/
Schulze ring ST/YL

Cohesion and uniaxial TS increase with moisture and 
as a function of the different identified saturation 
regimes.

(Althaus et al., 2012) 16, 18, 20  
(Aq. solution 
with dextrin)

Glass beads/Schulze RST/YL Limited effect of dextrin concentration on YL. A 
semi-empirical model linking capillary forces and YL.

(Louati et al., 2017) 0, 0.5, 3.5, and 
40  
(PEG)

Glass beads/Hosokawa
MPT, Schulze RST/AOR, YL

TS is more affected by liquid at consolidation stress > 
4 kPa. X-ray tomographic images highlight saturation 
levels.

(Lu et al., 2018) 1.6–29  
(Water)

Pulverized coal/Hosokawa 
MPT, Freeman FT4 Powder 
Rheometer/AOR, HR, Carr 
flowability index, Cohesion, 
Angle of internal friction, FF

Increase in AOR and HR with moisture. Increase in 
cohesion and decrease in flowability for moisture 
higher than a critical value (15–20 % w/w).

(Badetti et al., 2018) 1.5–7.5  
(Silicone oil)

Polystyrene beads/Stress-con-
trolled rheometers with an 
annular shear cell/Apparent 
friction coefficient

The apparent friction coefficient (τ/σ) increases with 
moisture and with the inertia number. Proposed 
equation for apparent friction coefficient as a function 
of reduced pressure and inertia number.

(Chen et al., 2018) 3.5–17 (Water) Coal, Bauxite, Iron ore/Jenike 
ST/TS, FF

FF vertical shift (flowability decreases) with moisture. 
Proposed modification of the flowability classification 
for high consolidation.
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proposed for an asperity in contact with a larger spherical 
particle (Rabinovich et al., 2002). The results revealed that 
adhesive forces increased and the critical relative humidity 
decreased with decreasing root mean square roughness. An 
extension of this analytical approach also considered the 
roughness distribution on irregularly shaped particles 
(Butt, 2008). The predicted capillary force increased with 
RH up to a maximum value close to that of the force esti-
mated for a smooth particle (Fig. 5). The complete picture 
of the physical interpretation is that at low RH, a single 
capillary bridge forms by condensation between close 
nanometric asperities of particles in contact and, therefore, 
the van der Waals force that is proportional to the overall 
particle size (order from tens to few hundreds microns) 
prevails. At intermediate RH, the number of capillary 
bridges increases and the sum of acting capillary force in-
creases. At high RH, liquid water fills all the voids between 
asperities to obtain a large capillary meniscus with a larger 
curvature radius comparable with the overall particle size. 
This situation corresponds to the maximum intensity of the 
capillary force (Fig. 6) (Butt and Kappl, 2009).

Experiments performed at the bulk level confirmed the 
conclusions of force analysis at the particle level. In fact, 
powder cohesion varied only for air humidity values higher 
than a critical value by analysing the results of shear tests 
(Elbirli et al., 1982; Karde and Ghoroi, 2015; Landi et al., 

2011; Salehi et al., 2021; Stevens et al., 2009; Teunou and 
Fitzpatrick, 1999), torque and energy measurements in 
rheometers (Groen et al., 2020; Landi et al., 2012; Lu et al., 
2017; Marchetti et al., 2022), and flowability indices in ro-
tating drums (Lumay et al., 2016).

For instance, the results of shear tests on glass beads 
previously conditioned in a fluidised state by humid air 
showed an increase in cohesion for RH > 70 %, while the 
angle of internal friction was less affected (Landi et al., 
2011). Moreover, by considering the presence of asperities 
with a curvature radius equal to about one hundred of the 
bead radius (two samples with 50 μm and 90 beads μm 
mean size), predictions of the tensile strength by a model 
combining the Rumpf, Laplace–Young, and Kelvin equa-
tions showed good agreement with the values derived from 
experimental yield loci. A tiny fraction of the condensed 
moisture between particles could form capillary bridges 
that play an active role in increasing the powder’s cohe-
sion.

As mentioned above for the interparticle forces, relative 
humidity also affects the unconfined yield strength of pow-
ders, depending not only on the particle size and shape but 
also on the hydrophilic/hydrophobic properties of the parti-
cle surface (Karde and Ghoroi, 2015; Stevens et al., 2009). 
In fact, the moisture content and cohesive strength of hy-
drophobic ibuprofen powder did not increase with RH. In 
contrast, the increase in the unconfined yield strength of 
hydrophilic starch and Avicel powders was directly cor-
related with the measured specific surface energy compo-
nent increasing at RH higher than a critical value (Fig. 7). 
At lower RH values, cohesive strength was correlated with 
the Lifshitz–van der Waals forces due to the dispersive 
surface energy component. The coexistence of electrostatic 
charging may explain the minimum unconfined yield 
strength of starch powder by a possible reduction of elec-
trostatic forces with increasing RH.

The cohesion force between particles in different ranges 
of air relative humidity could provide interesting results. In 
the range below the critical air relative humidity, particle–
particle friction might generate electrostatic forces, which 
cause cohesive forces between the particles (Harnby et al., 
1987; Lumay et al., 2016). In contrast, above the critical air 
relative humidity, the condensed air moisture determines 
the cohesion forces (Landi et al., 2011; Lumay et al., 2016). 
The tensile strength and adhesion forces between particles 
increase as the relative humidity content increases. At the 
same time, the consolidation pressures could vary the con-
tribution of the adhesion force. For instance, capillary 
forces play an important role at low consolidation pres-
sures, but contact forces prevail at high consolidation 
pressures (Karde et al., 2017).

Table 2 reports a wider overview of the experimental 
and modelling studies on the effect of air humidity.

Fig. 5 Capillary forces at various humidity amounts and surface 
roughness. Same rough spheres with 1 μm radius and constant contact 
angle θ = 20°. δ0 is the characteristic roughness. Reprinted with permis-
sion from Ref. (Butt, 2008). Copyright: (2008) Elsevier.

Fig. 6 Capillary bridge patterns between particles with asperities at 
increasing relative humidity. Reprinted with permission from Ref. (Butt 
and Kappl, 2009). Copyright: (2009) Elsevier.
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3. Effect of temperature
The effect of temperature on the mechanical properties 

of powders was tested by considering the direct measure of 
binary interparticle forces at the microscopic level and bulk 
scale properties at defined bulk consolidation, such as ten-
sile strength or shear testing properties.

3.1 Direct measurement of the interparticle forces
3.1.1 Experimental setup and procedures

The direct measurement of interparticle forces at chang-
ing temperatures is a complex task, and the literature re-
ports only the high-temperature micro-force balance 
developed by Pagliai et al. (Pagliai et al., 2004). The setup 
included a system of micromanipulators to set the position 
of two particles in an electric oven to heat the system to 
1000 °C, where a camera allowed image recording for vi-
sual observation. The relative motion between the couple 
of tested particles was regulated by a linear displacement 
actuator moving one of the two particles. The pulling force 
between the two particles in contact was derived from the 
cantilever deflection of a calibrated bending strip mounted 
on the static micromanipulator while pulling.

A micromanipulation system for measuring interparticle 
forces under controlled humidity and temperature was also 
developed by Haider et al. (2012) to measure the increase 
of adhesion force between amorphous maltodextrin parti-
cles when the temperature approached the glass transition 
temperature. The mechanism involved is related to the de-
sired particle agglomeration, which is beyond the scope of 
this review.

3.1.2 Main observed phenomena
Pagliai et al. (2004) performed measurements on parti-

cles of E-cat powder (a powder similar to those used in 
fluid catalytic cracking reactors). This powder was with-
drawn from the process, where it exhibited defluidization at 
high temperatures. The change in interparticle forces with 
increasing temperature was observed with a liquid bridge 
forming between the tested particles at 90 °C due to low 
melting compounds. However, the low surface tension of 
the formed liquid made the intensity of the capillary force 
not very high. In fact, a hydrocarbon liquid phase is 
formed. The liquid evaporated at 180 °C and up to 300 °C, 
and a solid bridge formed between the two particles. Corre-
spondingly, the measured force increased significantly.

3.2 Experimental setup and procedures for the 
bulk solids properties

The effect of temperature on bulk flow properties was 
investigated by conventional characterisation techniques in 
different apparatuses properly modified for high- 
temperature experiments.

3.2.1 Direct evaluation of the tensile strength
Several studies have exploited the split cell tensile tes-

ters developed for tests up to 1100 °C by Kamiya et al. 
(2002b). This apparatus (Fig. 8a) was made of a circular 
vertically split cell consisting of a fixed part and a horizon-
tally moving part suspended by a very thin metal plate. The 
cell was heated by radiation from the top and bottom in a 
furnace purposely prepared. The cell was made of silica 
glass to limit thermal expansion. The experimental proce-
dure was similar to a conventional tensile test, with the 
only difference being the heating and monitoring of the 
powder sample temperature by a thermocouple. It con-
sisted of a vertical consolidation step with a normal stress 
of 2.5 kPa and a successive tensile failure step during 
which the pull-off force and displacement of the movable 
part were measured.

Different apparatuses for a vertical uniaxial tensile test 
have been recently proposed (Liu et al., 2022; Luan and 
You, 2015). In the high-temperature solid bridge force de-
vice (Luan and You, 2015) (Fig. 8b), the ash sample was 
divided into two parts, which were separately heated in two 
cylindrical cells at high temperatures between 750 °C and 
1250 °C and then put in contact under vertical compressive 
stresses between 9.5 and 19.9 kPa for a period between 1 
and 20 min. After this phase, the two cylinders were verti-
cally separated by a traction motor, and the tensile force 
was measured. Different specimen preparations were pro-
posed by Liu et al. (2022): a coal ash powder sample was 
extruded through a cylindrical die under 20 MPa pressure, 
then it was vertically suspended between two clamping 
tools and heated at varying temperatures between ambient 
and 1200 °C for 1 h. Finally, the tensile force to obtain the 

Fig. 7 Correlation between unconfined yield strength (UYS), disper-
sive and specific surface energy components for a) starch powder and b) 
Avicel powder. Reprinted with permission from Ref. (Karde and Ghoroi, 
2015). Copyright: (2015) Elsevier.
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Table 2 Overview of case studies on the effect of air humidity on powder strength, friction, and cohesion (chronological order).

References RH (%) Powders/Tester/Properties Main results

(Elbirli et al., 1982) 10–96 TiO2, glass beads, polycar-
bonate, amorphous silica, and 
alumina/translational ST/YL

The effect of humidity  on cohesive strength varies 
with particle shape, surface, hydrophilic/hydrophobic 
properties, surface roughness, and material hardness.

(Harnby et al., 1987) 11–87 Glass beads/Hosokawa MPT/
bulk density, HR

The aerated and tapped bulk density slightly decreases 
with RH. Fluctuating trend in HR.

(Teunou and Fitzpatrick, 
1999)

0–97 Food powders (Flour, skim-
milk, tea, whey-permeate)/
RST/FF

General increase in UYS with RH except for flour 
powder. Food powder composition and wide PSD 
affect interaction with water. Caking at high RH.

(Stevens et al., 2009) 20, 50, 80 Aluminium powder (as 
received and surface modi-
fied)/Schulze RST/FF

Particle coating mitigates the RH impact, especially for 
low hydrophobicity. Further water adsorption did not 
affect the capillary forces and UYS. Higher humidity 
may induce lubrication, leading to a reduction in 
particle friction and lower UYS.

(Emery et al., 2009) 0–10 Pharmaceutical powders 
(API, Aspartame, HPMC, 
Respitose)/density meter, 
translational ST/HR, Carr 
index, AOR, FF

The effect of RH on the flow factor depends on particle 
shape. Increasing or decreasing flowability depends on 
the powder nature.

(Landi et al., 2011) 13–98 Glass beads/Schulze RST/YL Cohesion and AIF increase only at high RH. Model 
linking bulk and particle scales.  

(Landi et al., 2012) 0–70 Glass beads/Couette fluidized 
bed rheometer, Schulze RST/
torque

Torque decreases with air velocity, and exhibits a 
non-monotonous trend with RH. The proposed rheo-
logical model is a function of flow properties. 

(Karde et al., 2015) 30–90 Pharmaceutical powders: 
(Corn starch, Avicel PH 105, 
ibuprofen)/Freeman FT4 
Powder Rheometer, Surface 
energy analyser/UYS, specific 
surface energy

Specific surface energy and flow behaviour are cor-
related. Hydrophilic powders are influenced by RH, in 
contrast to hydrophobic powders.

(Lumay et al., 2016) 0–95 Lactose/GranuDrum/Cohe-
sive index

The cohesive index increases at very high RH.

(Lu et al., 2017) 0, 30, 58, 85 Lactose powders/Freeman 
FT4 powder rheometer/Flow 
energy

Flow energy increases with increasing relative humid-
ity and fraction of fine particles. 

(Karde et al., 2017) 30–90 Corn starch/Freeman FT4 
powder rheometer/YL

Cohesion increases gradually with RH at low consoli-
dation stress (<2 kPa), while it shows a minimum 
value for an intermediate value of RH at higher consol-
idation stress (3–9 kPa).

(Groen et al., 2020) 5–90 Coffee creamer, Citric acid 
monohydrate/Anton Paar 
powder rheometer/torque 

Moderate increase of torque for RH < 60 %; for higher 
significant change of the slope. Temperature increase 
reduces the critical RH value.

(Salehi et al., 2021) 0–90 Mannitol powder/Brookfield 
powder flow tester, surface 
energy analyser/YL, FF, 
specific surface energy

Flowability remains unchanged for RH < 60 % with a 
temperature effect observed in the range 25–35 °C. A 
comparison of estimated interparticle forces is made 
using different theories (Rumpf model and a combina-
tion of the Kelvin model with the Laplace–Young 
equation).

(Marchetti et al., 2022) 40, 60, 80 Steel powder/Freeman FT4 
powder rheometer/Flow 
energy, UYS

Flow energy and specific energy increase with RH 
beyond a critical value. Limited effect of RH on UYS.
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specimen failure was measured.
The high-temperature Sevilla powder tester (HTSPT) is 

a modified version of the Sevilla Powder Tester that can 
reach temperatures up to 500 °C using a quartz fluidisation 
column surrounded by an electrical furnace (Durán- 
Olivencia et al., 2021; Espin et al., 2020) (Fig. 9). A 
low-frequency sound wave generation system was imple-
mented on top of the powder bed to obtain the fluidisation 
state even with very cohesive powders. The tensile strength 
measurement was based on the measurement of the maxi-
mum pressure drop value during a fluidisation test at in-
creasing gas velocity, as in the original apparatus for tests 
at ambient temperature. An initial preparation of the pow-
der bed with a downward gas flow allowed consolidation of 
the sample under set values of resulting normal stress 
(Durán-Olivencia et al., 2020; Gannoun et al., 2022).

Tests were performed for various fly ashes derived from 
the combustion of coal and biomass particles (Horiguchi et 
al., 2018; Kamiya et al., 2002b; Liu et al., 2022; Tsukada et 
al., 2003, 2008) for mixes of silica coated with alkali met-

als (Kamiya et al., 2002a) and for calcium carbonate parti-
cles (Horiguchi et al., 2021b; 2022).

3.2.2 Shear testing experiments
First attempts at the conduction of shear experiments at 

high temperatures were performed using conventional 
shear cells heated before or during the test by placing a 
translational cell in an oven (Kanaoka et al., 2001; Smith et 
al., 1997) or in a muffle furnace (Maarup et al., 2014). Af-
terwards, the rheometers and shear cells were modified for 
conditions different from the ambient temperature. 
Zimmerlin et al. (2008) developed a rheometer based on a 
viscosimeter design to measure the torque necessary for the 
rotation of an impeller formed by a thin shaft with some 
orthogonal pins in a cylindrical cell heated by a coaxial 
furnace up to 700 °C. Ripp and Ripperger (2010) modified 
a Schulze annular shear cell to obtain temperatures lower 
and higher than ambient by introducing the flow of a heat 
transfer medium in a double casing of the though at the 
bottom of the ring cell (internal volume about 900 mL). 

ba

Fig. 8 a) Split-type tensile-strength testing system, reprinted with permission from Ref. (Kamiya et al., 2002b). Copyright: (2002) Elsevier; b) 
High-temperature solid bridge force device, reprinted with permission from Ref. (Luan and You, 2015). Copyright: (2015) Elsevier.

Fig. 9 Setup of the high-temperature Sevilla powder tester. Reprinted with permission from Ref. (Durán-Olivencia et al., 2020). Copyright: (2020) 
Elsevier.
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The setup was provided with conductive plates to achieve a 
uniform temperature distribution. The lid was provided 
with a thermal insulation layer for the cooling case and 
electric resistances for the heating case. Shear tests at tem-
peratures between –80 °C and 120 °C were reported.

Tomasetta et al. (2013) developed a high-temperature 
annular shear cell (HT-ASC) (Fig. 10) by designing a ring 
bottom cell (internal volume of about 85 mL) and a lid 
electrically heated provided with a thermal insulation sys-
tem consisting of a layer of ceramic material and a casing 
with flowing cooling water for the bottom cell in contact 
with a Schulze ring shear tester bench. Operating condi-
tions allowed reaching temperatures from ambient to 
500 °C.

More recently, a commercial shear cell with temperature 
and relative humidity control was developed by Anton Paar 
GmbH. It consists of an annular shear cell (internal vol-
ume: small cell 4.3 mL and large cell 18.9 mL) positioned 
in a heat transfer system based on combined convection 
and radiation to cover the temperature range from –160 °C 
to 600 °C (Barletta et al., 2019).

Investigations by shear testing at high temperatures have 
considered several powders with very different chemical 
natures, particle size distributions, and particle shapes, in-
cluding fly ashes (Kanaoka et al., 2001; Liu et al., 2018), 
MgSO4 and CaSO4 powders (Smith et al., 1997), food 
powders (Ripp and Ripperger, 2010), ceramic powders 
(Chirone et al., 2016, 2018; Tomasetta et al., 2013), catalyst 
and catalyst support powders (Tomasetta et al., 2013; 
Zinatlou Ajabshir et al., 2022), titanium dioxide powders 
(Macrì et al., 2017b), and polymer powders for additive 
manufacturing (Ruggi et al., 2020a; 2020b).

In addition to measuring complete yield loci and flow 

functions according to the shear testing standards, a simpli-
fied experimental procedure for quicker scrutiny of the ef-
fect of temperature on flowability was proposed by Chirone 
et al. (2018). The shear stress was measured in the HT-ASC 
during a single sequence of pre-shear and shear steps under 
decreasing normal stress, as it is recommended to measure 
a single point for a static yield locus at increasing tempera-
ture values (Fig. 11). This protocol allowed the preliminary 
detection of critical temperature values for the change in 
interparticle forces. As a result, complete shear tests can be 
focussed on a narrower temperature interval to obtain the 
corresponding flow functions. Experimental results were 
generally reported in terms of yield loci and flow functions 
at consolidation stresses between 1 and 14 kPa, but more 
often at low consolidation stresses between 0.75 and 2 kPa, 
to reproduce the typical range of stresses experienced by 
the powders in process units such as fluidised beds 

a b

Fig. 10 High-temperature annular shear cell: a) cell and lid sketch; b) whole setup. Reprinted with permission from Ref. (Tomasetta et al., 2013). 
Copyright: (2013) Elsevier.

Fig. 11 Shear stress as a function of temperature for a ceramic powder 
with low-melting impurities. Reprinted with permission from Ref. 
(Chirone et al., 2018). Copyright: (2018) Elsevier.
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(Chirone et al., 2020; Macrì et al., 2020) and selective laser 
sintering machines (Ruggi et al., 2020a; 2020b).

3.3 Effect of temperature on bulk flow properties 
in the presence of capillary forces

When powders are characterised by some moisture con-
tent at ambient temperature and are not melting at relatively 
low temperatures, the prevailing phenomena affecting flow 
properties are related to water evaporation. By increasing 
the temperature above 100 °C, capillary forces vanish, and 
the only active interactions remaining are van der Waals 
forces. At the bulk scale, these changes can be detected as 
a decrease in tensile strength, cohesion, and unconfined 
yield strength between ambient and temperatures just 
above 100 °C (Chirone et al., 2018; Ruggi et al., 2020a).

For higher temperatures or dry powders, a temperature 
increase is generally associated with an increase in cohe-
sion and tensile strength, which can be related to either the 
rise of van der Waals forces or the eventual formation of a 
liquid phase. Given the high intensity of capillary forces, a 
melting phase is generally associated with a sharp increase 
in powder cohesion or tensile strength. Such phenomena 
have been observed in shear testing experiments with poly-
meric powders (Ruggi et al., 2020a; 2020b) or ceramic 
powder mixtures containing salt impurities (Chirone et al., 
2018). It is remarkable that while for polymeric powders, 
DSC revealed that the increase in powder cohesion is re-
lated to the approach to the polymer melting temperature 
(Ruggi et al., 2020a; 2020b), for ceramic powder mixtures 
with salt impurities, neither DTA nor TGA could show the 
phase transition of low melting salts due to the minimal 
quantities of these salts present only on the particle surface. 
Such salt presence could be indirectly proven by EDX 
analysis and information on the reactive system to which 
the particles had been exposed. In this respect, the single- 
point pre-shear/shear analysis proposed above and reported 
in Fig. 11 appeared to be more sensitive to phase changes 
limited to the particle surface than the established thermal 
analysis procedures (Chirone et al., 2018).

Similar phenomena linked to capillary forces were ob-
served in tensile strength experiments on ash materials 
containing low melting compounds associated with the 
presence of eutectic oxides (Horiguchi et al., 2021b) or the 
addition of highly reacting calcium carbonate nanoparticles 
(Horiguchi et al., 2022). Proof of this interpretation is 
found in the similar behaviour found in artificial mixtures 
of silica particles coated with alkali metals, such as sodium 
and potassium (Kamiya et al., 2002a), or phosphorous 
(Horiguchi et al., 2021a). Care should be taken when using 
such a model system because it was also noted that when 
the interparticle liquid phase is formed by the fusion of low 
melting compounds, some evaporation due to the increas-
ing temperature can occur and result in a slight decrease in 
the tensile strength (Tsukada et al., 2003).

Chirone et al. (2018) proved that the significant increase 
in the cohesive strength of ceramic powders at high tem-
peratures (500 °C) was due to the rise of capillary forces 
using a model approach similar to that proposed by Pierrat 
and Caram (1997), assuming the partial melting of all salts 
present in the powder. The characteristic size of the contact 
area where the capillary bridge formed was estimated using 
the Rumpf model applied to the tensile strength value mea-
sured at low temperature for the dry powder, assuming the 
presence of van der Waals forces only.

In general, clear indications of a molten capillary phase 
come from the effects of system cooling, which may trans-
form bridges from liquid to solid at interparticle contact 
surfaces. The result is a stronger bond between particles 
and, thus, a higher strength at the bulk level, as found in 
tensile testing experiments (Hurley and Dockter, 2003; 
Luan and You, 2015). Another coherent phenomenon is the 
observed shrinkage of the hot powder bed, which can be 
explained by the partial sintering of the particle surfaces in 
contact with the mobility of the molten phase (Kamyabi et 
al., 2017).

3.4 Effect of temperature on bulk flow properties 
in the presence of van der Waals forces

3.4.1 Theoretical background
The intensity of van der Waal forces tends to be a few 

orders of magnitude smaller than capillary forces (e.g. 10–8, 
vs 10–6 N) and is more strongly dependent on the local 
contact geometry (Chirone et al., 2018), thus significantly 
changing from particle to particle. Perhaps, for this reason, 
no direct measurement of the effect of temperature on van 
der Waals forces is available, as reported in Section 3.1 
above.

Van der Waals forces, FvdW, between spheres of radiuses 
r1 and r2 are well described by the following simple equa-
tion:
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where A is the Hamaker constant, a is the shortest distance 
between the particle surfaces, and r represents the average 
radius. For contacting spheres a = a0 = 4∙10–10 m, the con-
ventional distance is assumed between atomic layers in 
crystals (Israelachvili, 2011). The short-range characteris-
tics of van der Waals interactions allow the extension of 
Eqn. (13) to the shapes of real particles, assuming for r1 
and r2 the local curvature radius of the particle surfaces at 
the contact point. However, in real particles, the surface at 
the contact point can deform due to the attraction force, 
eventually combined with external compaction forces. A 
simplified but comprehensive approach in the presence of a 
consolidation force, FN, was proposed by Tomas (Tomas, 
2004), who proposed a simple static force balance between 
the contacting particles, assuming that the attractive van 
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der Waals force is obtained by simply summing the contri-
butions of the van der Waals force between the undeformed 
particles and the attractive force, FvdWp, developed by the 
area of the flattened surface at the contact point:

N vdWs vdWp el pla
F F F F F      
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where Fel and Fpla are the repulsive force components due 
to the contact’s elastic and plastic deformation, respec-
tively. In particular, assuming a circular footprint of the 
contact area of radius rc, it is
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Eqn. (15) is derived from the general expression for van 
der Waals interactions between two planar surfaces. The 
complete calculations for Fel and Fpla were given by Tomas 
(Tomas, 2004) and depended on the material elasticity and 
the limiting yield strength of the particle surface. Under 
tensile conditions, the minimum force FP = –FN necessary 
to separate the particle (pull-off) can be obtained from 
Eqn. (14) under conditions in which the contribution of the 
repulsive forces is nil:
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In this situation, the flattened portion of the contact is lim-
ited to the portion permanently deformed during consola-
tion. The FvdWp and the rc values at consolidation and 
pull-off coincide only for purely plastically deformable 
particles with an equal curvature radius at contact r. In this 
case, the Molerus equation (Molerus, 1975) is obtained as 
follows:
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where pf is the material yield strength in a confined situa-
tion, such as that in the contact region, which can be related 
to the material hardness. In the case of simple isometric 
particle shapes with relatively narrow and unimodal parti-
cle size distributions, a single contact point between neigh-
bouring particles can be assumed, and the Rumpf equation 
can provide a reasonable relationship between interparticle 
forces and major principal stress or strength, as follows:
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The Hamaker constant is scarcely dependent on tempera-
ture changes within the proper ranges of chemical pro-
cesses. Therefore, the effect of temperature on van der 
Waals forces is mostly related to changes in the material 
hardness with temperature. Lower material hardness corre-
sponds to larger permanent deformations at the contacts, 

larger values of FvdWp at pull-off, and larger material cohe-
sion, both in the case of purely plastic deformation and 
elastic–plastic deformations of contacts.

3.4.2 Experiments qualitatively supporting the 
theory

Quantitative verification of the above-described theory 
requires knowledge of several physical parameters such as 
the geometry and number of binary particle contacts, effec-
tive material hardness and elasticity at the contact points 
and test temperature, and their distribution in the powder 
sample. Therefore, the theory can often be used only for 
qualitatively interpreting the observed results of experi-
ments in which the effect of temperature on tensile strength 
or shear testing is measured. Experiments are limited to 
systems in which cohesion is dominated by van der Waals 
forces, i.e., for materials that do not exhibit any liquid for-
mation, such as calcium carbonate and silicon carbide 
powders and soda-lime glass beads. In these systems, it has 
been verified that temperature changes significantly com-
bine with consolidation and particle size to determine 
changes in the directly measured tensile strength (Durán- 
Olivencia et al., 2020, 2021; Espin et al., 2020). At a con-
solidation stress of 2 kPa, the tensile strength showed a 
much greater increase (up to ten times for CaCO3) for 
T > 300 °C compared with that at very low consolidation 
(1 kPa) (Durán-Olivencia et al., 2020). Regression of ex-
perimental results over a range of temperatures between 
ambient and 500 °C and at a low range of consolidation 
stresses between 0.37 and 2 kPa allowed the derivation of 
different empirical correlations of the tensile strength as a 
function of temperature and consolidation stress (Durán- 
Olivencia et al., 2020; 2021). Considering powders of the 
same material and different mean particle sizes, the same 
order of magnitude percentage increase in the tensile 
strength was observed at lower temperatures (Espin et al., 
2020) with smaller particle sizes. Increases of different 
magnitudes of the tensile strength for different materials 
were justified with a changing effect of temperature on the 
material hardness: the larger the hardness reduction, the 
more significant was the necessary pull-off force at the 
particle level and, therefore, the larger was the tensile 
strength at high temperature (Durán-Olivencia et al., 2021). 
The intensity of the temperature effect was also qualita-
tively correlated with the glass transition temperature and 
the Tamman temperature for glassy and non-glassy materi-
als, respectively. For example, for soda lime glass beads, 
approaching the glass transition temperature, a significant 
hardness reduction could occur, and the surface particle 
could undergo some “softening” corresponding to a larger 
pulling force for particles in contact.

In shear testing experiments, elevated temperature 
mainly affected powder cohesion, whereas changes in the 
angle of internal friction were generally negligible. The 
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increase of cohesion with increasing temperature resulted 
in a vertical shift of the yield locus, corresponding to a rise 
in the unconfined yield strength fc and of the extrapolated 
tensile strength σt, but to a much more limited extent in the 
major principal stress σ1. Consequently, when a thermal 
effect was observed, the flow functions at higher tempera-
tures shifted upward with respect to those at ambient tem-
perature, and the flow factor σ1/fc values increased. The 
effect of voidage changes due to temperature appeared to 
be much less significant in affecting interparticle forces 
and, thus, cohesive powder strength.

For ceramic powders, catalyst powders, and glass beads 
without low melting components, the increase in the un-
confined yield strength was between 50 % and 100 % 
(Chirone et al., 2016; Macrì et al., 2017b; Tomasetta et al., 
2013). The highest increase values were recorded at higher 
consolidation stress (Tomasetta et al., 2013) and for finer 
particles. The corresponding growth of the flow factor 
could shift the flowability class of the powder, especially 
when the flow function at ambient temperature lies close to 
the borders of neighbouring classes. For instance, this hap-
pened to the fine-cut 20–38 μm of silicon powders, result-
ing in an easy-flowing classification at ambient temperature 
while becoming cohesive at 500 °C (Chirone et al., 2016). 
A more substantial change in class of flowability was ob-
served for zeolites passing gradually, with increasing tem-
perature, from free-flowing at 150 °C to easy-flowing at 
300 °C and to cohesive behaviour at 500 °C (Zinatlou 
Ajabshir et al., 2022) (Fig. 2). Thermal analysis excluded 
the occurrence of any melting in the powder sample.

In the literature, different explanations than those given 
at the beginning of this section are provided to justify the 
observed changes in the measured flow properties with 
temperature. Tensile strength experiments on complex ma-
terials, such as ashes, were coupled with X-ray diffractom-
etry, Fourier transform infrared analysis (FTIR), field 
emission scanning electron microscopy (FESEM), and 
thermomechanical characterisation to deeply investigate 
the chemical composition and particle morphology changes 
with temperature. According to Horiguchi et al. (2022; 
2021b), the increase in van der Waals forces was mainly 
due to the thermal expansion of particles, which may cause 
an increase in the interparticle contact area and a reduction 
in the distance between particles. Moreover, in some cases, 
temperature could change the molecular characteristics 
(e.g. the amount of free silanol group on silica) on the sur-
face of the particles, which affects the intensity of the van 
der Waals forces (Kamiya et al., 2002b).

On the other hand, the presence of several additives, 
such as diatomite microparticles (Tsukada et al., 2008), 
alumina nanoparticles (Horiguchi et al., 2018), iron oxide 
(Fe3O4) microparticles (Horiguchi et al., 2021a), and kaolin 
and vermiculite microparticles (Liu et al., 2022), was 
demonstrated to decrease the tensile strength of ashes due 

to the increase of interparticle porosity or to prevent the 
generation of eutectic compounds. These findings indicate 
that a strategic choice of additives to coal can reduce the 
increase in cohesive strength at high temperatures due to 
the formation of a liquid phase.

3.4.3 Experiments quantitatively supporting the 
theory

Tomasetta et al. (2014) showed that the assumption of 
plastic deformation of the interparticle contact area due to 
the local consolidation force, according to Molerus (1975), 
was necessary to correctly predict the change in cohesive 
strength with consolidation stress under dry conditions. 
Chirone et al. (2016) demonstrated that the temperature 
effect on the intensity of van der Waals forces mainly de-
pends on the increase in the interparticle contact area, 
which is determined by a decrease in the yield strength of 
the particle material with increasing temperature. Similar 
conclusions were drawn by Macrì et al. (2017b), who re-
placed the Molerus model with the Tomas equations 
(Tomas, 2000) for the interparticle adhesive forces in the 
framework of the Rumpf approach, and by Macrì et al. 
(2017a), who applied the Tomas model relating flow fac-
tors and angles of internal friction, derived from the yield 
locus, directly to the elastic–plastic contact consolidation 
coefficient (Tomas, 2004). More recently, this interpreta-
tion was also confirmed by Espin et al. (2020), who derived 
the relationship between microscopic consolidation force 
and adhesion force from data on consolidation stress and 
tensile strength experimentally measured using HTSPT.

Zinatlou Ajabshir et al. (2022) highlighted the role of the 
presence of fines for a zeolite powder with a wide particle 
size distribution in the definition of a more or less signifi-
cant effect of temperature on flowability. This finding was 
explained with the Rumpf model corrected to consider the 
effect of a bimodal distribution with micrometric-sized 
core host particles coated by smaller satellite or guest par-
ticles in the form of agglomerates. The satellite particles act 
as spacers between the core particles and define the actual 
geometry and distribution of the interparticle contacts. In 
particular, for these powders, a key role is played by the 
increased number of active contacts between two neigh-
bouring agglomerates. Therefore, the more cohesive pow-
der resulted in the one with smaller satellites, which 
ensured a higher number of active contacts between parti-
cles. Even if singularly taken at the satellite level, the con-
solidation forces and the cohesion forces are relatively 
small. Instead, the material with a more limited number of 
larger satellite particles in the agglomerate showed better 
flow properties for the limited number of contacts between 
adjacent agglomerates. However, both the contact force 
and consolidation forces calculated for the contact points 
between satellite particles were larger than those in the 
other powder and, likely, more affected by contact  
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Table 3 Overview of case studies on the effect of temperature on powder strength, friction, and cohesion (chronological order). (Continued on next page)

References Temp. 
(°C)

Powders/Tester/Properties Main results

(Smith et al., 1997) 22, 750 CaSO4, MgSO4, alone and 
mixtures/Jenike ST/FF

Increase in the UYS at higher temperatures. 

(Kanaoka et al., 2001) 20–950 Coal fly ashes/Heated transla-
tional ST/YL

Increase in cohesion beyond a critical temperature value 
depending on the lime content in the ashes and on the gas 
component exposition (N2 or CO2) due to solid bridges 
(sintering).

(Kamiya et al., 2002b) 25–850 Silica and fly ashes/Heated 
split-cell TS tester/TS

Moderate increase of TS up to 1000 K, sharp increase at 
higher temperatures.

(Kamiya et al., 2002a) 25–850 Silica coated with alkali 
metals/Heated split-cell TS 
tester/TS

Melting of alkali metals causes a dramatic increase in TS 
for T > 700 °C. 

(Hurley and Dockter, 
2003)

700–750 Combustion gas filter dust/
Heated split-cell TS tester/TS

The ratio between TS and the density of the ashes cake on 
the hot gas filter is presented as a key parameter.

(Tsukada et al., 2003) 25–900 Biomass combustion ashes/
Heated split-cell TS tester/TS

TS increases from 400 to 700 °C due to liquid phase forma-
tion, while it decreases above 700 °C due to liquid evapora-
tion.

(Hurley et al., 2006) 300–800 Combustion gas filter dust/
Heated split-cell TS tester/TS

TS increase depends on the temperature and pressure drop 
across the filter, acting as a consolidation stress. The higher 
strength increase is due to partial melting. Role of the 
reactions at intermediate temperatures.

(Tsukada et al., 2008) 20–600 Fly ashes with additives/
Heated split-cell TS tester/TS

Addition of 100 µm diatomite and silica sand particles 
reduces TS at T > 700 °C, while water-quenched molten 
slag particles with aluminium increase it. 

(Zimmerlin et al., 2008) Soda-lime glass, gypsum, 
sodium chloride, potassium 
chloride/High temperature 
rheometer/Torque

Torque increases above 400–450 °C. The component 
mixture reproduces the ashes’ behaviour with temperature.

(Ripp and Ripperger, 
2010)

–78–220 Polyester granulates, lactose, 
ground coffee, polyphos-
phates, cocoa powder, dry ice/
Modified Schulze RST/YL, 
FF

Different temperature effects depending on the material.

(Tomasetta et al., 2013) 25, 500 Fluid cracking catalysts, Fly 
ashes, Corundum, Synthetic 
α-alumina, Glass beads, Mix 
of glass beads and 1 % 
HDPE/HT-ASC/YL, FF

Very limited effect of temperature on flow properties, 
except for glass beads with 1 % HDPE exhibiting a signifi-
cant increase in cohesion at 500 °C.

(Maarup et al., 2014) 22–850 Cement raw meal/Transla-
tional ST in a muffle/UYS

UYS increases above 550 °C.

(Luan et al., 2015) 750–1250 Ashes/High-temperature solid 
bridge force device 
(HTSBFD)/TS

Significant increase in TS above 1150 °C. TS is correlated 
with the solid bridge force.

(Shao et al., 2016) 25–800 Biomass combustion ashes/
Heated split-cell TS tester/TS

DEM model predictions compared with the experiments.

(Chirone et al., 2016) 25, 500 Ceramic powders/HT-ASC/
YL, FF

A simplified experimental procedure allows  quicker 
preliminary detection of the critical temperature for flow-
ability change. Temperature mainly affects cohesion, 
whereas the AIF results remain  independent of tempera-
ture. A proposed model links interparticle forces to TS.

(Macrì et al., 2017a, b) 25, 500 Titanium dioxide synthetic 
rutile and natural rutile/
HT-ASC/YL, FF 

More significant decrease in flowability at 500 °C for 
synthetic rutile. Proposed model linking interparticle forces 
to TS.
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plasticisation, resulting in a larger temperature effect on the 
flowability of this material.

Macrì et al. (2017a) and Zinatlou Ajabshir et al. (2022) 
provided quantitative evidence that the most relevant mate-
rial property related to the effect of temperature on the 
change in van der Waals interparticle forces is the hardness 
of the particle material.

Ruggi et al. (2020b) estimated the interparticle force for 
some polyamide powders used in additive manufacturing, 
exhibiting a change in flowability class from easy flowing 
to very cohesive when the temperature increased to values 
close to their melting point. These authors found that the 

ratio between the granular Bond number value close to the 
melting temperature and that at 100 °C under dry condi-
tions was greater than 100.

Table 3 reports a detailed survey of the studies on the 
effect of temperature.

4. Conclusions and perspectives
Process conditions inducing the presence of liquid in the 

interparticle volume due to either liquid addition, partial 
melting of solids, or capillary condensation from a humid 
gas atmosphere give rise to capillary bridges and capillary 
forces. The intensity of the forces depends on the liquid 

Table 3 Overview of case studies on the effect of temperature on powder strength, friction, and cohesion (chronological order). (Continued from previ-
ous page)

References Temp. 
(°C)

Powders/Tester/Properties Main results

(Chirone et al., 2018) 25, 500 Ceramic powders/HT-ASC/
YL, FF

The presence of low-melting impurities determines a 
significant reduction in flowability with temperature. A 
proposed model aims to link capillary forces and TS.

(Horiguchi et al., 2018) 25–900 Fly ashes with alumina 
additives/Heated split-cell TS 
tester/TS

The addition of alumina nanoparticles reduces the increase 
in TS of ashes due to their positive effect on porosity and 
chemical composition.

(Liu et al., 2018) 25, 500 Fly ashes/HT-ASC/YL, FF Moderate decrease in flowability at 500 °C. A proposed 
model links interparticle forces to TS considering PSD.

(Espin et al., 2020) 25–500 Limestone/HTSPT/TS The increase in TS with temperature is more significant for 
finer powders.

(Ruggi et al., 2020a, b) 25–160 Polyamide 12 and 6/HT-ASC/
YL, FF

Dramatic increase in UYS at temperatures approaching the 
melting point. The Bond number provides a qualitative 
correlation with spreading behaviour.

(Durán-Olivencia et al., 
2020)

25–500 Calcium carbonate/HTSPT/
TS

TS increases above 200 °C, and is more pronounced at 
consolidation stress > 1 kPa due to softening caused by 
hardness reduction.

(Durán-Olivencia et al., 
2021)

25–500 Soda-lime glass beads, silicon 
carbide, limestone/HTSPT/TS

TS increases with temperature for all materials, emphasiz-
ing the temperature dependence of material hardness.

(Horiguchi et al., 2021a) 25–800 Synthetic ashes/Heated 
split-cell TS tester/TS

Phosphorus leads to a marked increase in the adhesiveness 
of synthetic ashes at temperatures > 600 °C, whereas the 
presence of Fe3O4 reduces the strength, withparticular 
relevance to ashes from incinerated sewage sludge.

(Horiguchi et al., 2021b) 25–500 Calcium carbonate, alumina, 
silica/Heated split-cell TS 
tester/TS

Temperature affects the TS of CaCO3 at T > 500 °C, with 
negligible effect on alumina and silica microparticle. The 
addition of alumina to calcium carbonate hinders the 
temperature effect on strength.

(Horiguchi et al., 2022) 25–900 Silica, kaolin, calcium car-
bonate, alumina/Heated 
split-cell TS tester/TS

The addition of calcium carbonate nanoparticles to kaolin 
powder at 900 °C increases TS. However, this effect is not 
observed when added to silica powder.  The presence of 
alumina in mixtures suppresses the strength increase with 
temperature.

(Liu et al., 2022) 800–1200 High calcium coal ash pow-
ders/High-temperature TS 
tester/TS

Tensile strength increases above 800 °C, with a steep rise at 
1100 °C. Additives with a low-temperature eutectic enhance 
the ash TS.

(Zinatlou Ajabshir et al., 
2022)

150, 300, 
500

Zeolite/Anton Paar shear cell/
YL, FF

Flowability decreases with temperature, and the more 
significant effect on one sample is theoretically explained 
by the different PSDs.
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saturation level. The resulting cohesive strength of a pow-
der, free flowing or easy flowing under dry conditions, can 
increase when liquid bridges are in the pendular regime 
until the achievement of a plateau value. Then, for the fu-
nicular regime, the strength continues to grow. Pendular 
and funicular regimes typically correspond to liquid con-
tents between 1 % and 15 % or between 15 % and 40 %, 
respectively, assuming a specific gravity of approximately 
1.5. Only in the capillary regime is a dramatic decrease in 
cohesive strength observed due to the dominant reduction 
of capillary pressure. Instead, for a powder exhibiting co-
hesion due to van der Waals forces, a limited amount of 
liquid can initially reduce the strength, but the previously 
described trend is recovered by further increasing the liquid 
content.

Temperature rise above 100 °C under atmospheric con-
ditions can dry the moisture eventually present between 
particles in bulk. Vanishing of capillary forces makes the 
powder less cohesive because of the lower intensity of van 
der Waals forces. Further temperature rise can strengthen 
these interactions due to the enhancement of plastic defor-
mation at interparticle contacts, especially for high consol-
idation stress due to reduced particle material hardness. 
The consequent flattening of the contact and increase of the 
contact area is the main cause of the rise in van der Waals 
forces and of the reduction of powder flowability, which in 
general is limited to a shift from one class to the adjacent 
one (e.g. from free flowing to easy flowing, from easy 
flowing to cohesive). Low melting components or ther-
mally activated reactions generating a liquid phase can de-
termine the onset of capillary forces at critical temperatures, 
dramatically affecting powder flowability, which can 
change from free-flowing to cohesive behaviour. The sig-
nificant influence of liquid content, humidity, and tempera-
ture on interparticle forces and bulk flow properties can 
explain the change in powder behaviour in units with pecu-
liar process conditions. In fact, it was possible to qualita-
tively relate the increase in cohesive flow properties at low 
consolidation and the fluidisation behaviour, in terms of 
minimum velocity for fluidisation and bed expansion, due 
to the higher temperature effect on van der Waals forces 
(Chirone et al., 2020; Macrì et al., 2020). A direct link be-
tween interparticle forces and fluidisation properties was 
also demonstrated for the effect of environmental relative 
humidity (LaMarche et al., 2016).

Although general phenomenology has been explained 
qualitatively and quantitatively for various materials and 
different process conditions, the variability in particle 
shape, material composition, physical state, and tempera-
ture change of all relevant material properties in real sys-
tems make it challenging to theoretically predict the effect 
of a liquid phase or temperature. In fact, this requires a de-
tailed characterisation of the surface morphological proper-
ties of particles (i.e. roughness and asperities size), which 

can be affected by wide distributions in real samples of in-
dustrial processes. Moreover, theoretical equations linking 
microscale forces and macroscale stresses, such as the 
Rumpf equation, could be affected by a certain degree of 
uncertainty in the case of non-ideal particles. Developing a 
completely predictive model is even more challenging in 
the case of low-melting impurities or chemical reactions 
activated by heating. As a result, direct characterisation of 
the flow properties of powder samples under conditions 
reproducing those of process units appears to be the main 
method for quantitative purposes. In this respect, condi-
tioning a powder sample by adding liquid or exposure to 
humid air before performing any type of flow property test 
(e.g. tensile tester or shear tester) requires particular care to 
obtain uniform and stable liquid distribution in the speci-
men. This latter issue might be overcome in the near future 
by the use of purposely generated and calibrated discrete 
element method (DEM) models. However, the right way to 
proceed would require dedicated studies that are yet to be 
conducted.

As widely discussed in this review, suitable testers with 
reliable temperature control are presently available in the 
academic community to directly measure flow properties at 
high temperatures. However, nowadays, only one commer-
cial instrument is known to reach temperatures up to 
600 °C. Other instruments will likely come in the future to 
address wider needs. In particular, it might be of great sci-
entific and industrial interest because of the possibility of 
reaching temperatures around 1000 °C, which is typical of 
several thermal and solar applications.
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Nomenclature
AIF angle of internal friction
AOR angle of repose
FF flow function
HR Hausner ratio
HT-ASC high-temperature annular shear cell
HTSPT high-temperature Sevilla powder tester
MPT Micron powder tester
PSD particle size distribution
RST ring shear tester
ST shear tester
TS tensile strength
UYS unconfined yield strength
YL yield loci
a closest distance between particles (m)
A Hamaker constant (J)
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a′ constant in Eqn. (6) (-)
a0 minimum distance at contact (m)
c cohesion (Pa)
d mean particle size (m)
fc unconfined yield strength (Pa)
Fc capillary force (N)
Fel elastic deformation repulsion force (N)
FN contact consolidation force (N)
Fp pressure force (N)
Fpla plastic deformation repulsion force (N)
Fs surface tension force (N)
FvdWp van der Waals force for a flat surface (N)
FvdWs van der Waals force for a sphere or spherical contact 

(N)
ffc flow factor (-)
k coordination number (-)
K constant in Eqn. (9) (-)
MW molecular weight of water (kg/mol)
Pc capillary pressure (Pa)
pf material hardness (Pa)
ps vapour pressure over a curved surface (Pa)
ps0 vapour pressure of the liquid (Pa)
r characteristic curvature radius of the particle surface at 

contact (m)
r1; r2 radii of particles 1 and 2 (m)
R1 liquid bridge convex curvature radius (m)
R2 liquid bridge concave curvature radius (m)
rc radius of the flattened surface at contact (m)
Rg universal gas constant (J K–1 mol–1)
RH relative humidity (-)
S liquid saturation (-)
S1 critical liquid saturation between the pendular and fu-

nicular states (-)
S2 critical liquid saturation between the funicular and 

capillary states (-)
T temperature (K)
xw liquid content by mass on a dry basis (-)
γ liquid surface tension (N/m)
δ0 characteristic roughness (m)
ε powder bed voidage (-)
θ liquid bridge contact angle (deg)
Δp pressure difference between air and liquid (Pa)
ρl liquid density (kg/m3)
ρs particle density (kg/m3)
σ normal stress (Pa)
σ1 major principal stress (Pa)
σ2 minor principal stress (Pa)
σt tensile strength (Pa)
σtc tensile strength in the capillary regime (Pa)
σtp tensile strength in the pendular regime (Pa)
τ shear stress (Pa)
ϕ static angle of internal friction (deg)
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Strategies to Overcome Undesired Physicochemical Changes in 
Particle Engineering for Inhalation †
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Particle engineering broadly refers to the controlled production of drug 
particles optimized for size, morphology, and structure. It encompasses both 
destructive (top-down) and constructive (bottom-up) particle formation 
processes, of which the most used for commercial dry powder inhaler (DPI)
products are milling and spray drying. In both cases, undesirable 
physicochemical changes may occur because of thermal and mechanical 
stresses and through interactions with solvents, and can be further potentiated 
through storage and interaction with atmospheric water. The occurrence and 
extent of these phenomena are dependent upon the process parameters and the 
starting material, which necessitates a thorough understanding of these factors 
to create a stable product with the necessary characteristics for lung deposition. 
This review covers commonly arising issues in particle engineering and 
mechanisms of prevention. Topics to be discussed relating to physical changes 
include (1) the unintended generation of crystalline disorder and amorphous regions in particles; (2) polymorphic transformations; (3) 
unintended crystallization when amorphization is desired; and (3) triboelectric charging. Topics to be discussed relating to chemical 
changes include (1) thermal and mechanically activated chemical reactions; and (2) crystalline disorder and chemical reactivity.
Keywords: powder, particle engineering, amorphous, solid-state, spray drying, milling

1. Introduction
The location of inhaled particle deposition within the 

airways and post-deposition interactions with the lung mi-
lieu are influenced by particle properties such as size, den-
sity, morphology, hygroscopicity, surface area, and 
energetics. Particles with desirable properties for inhalation 
can be generated via particle engineering techniques, 
which in this article we define as both destructive (top-
down) and constructive (bottom-up) particle formation 
processes. The most used technologies for each respective 
method are milling and spray drying, both of which have 
been employed in commercial dry powder inhaler (DPI)
drug products. Although these processes can produce parti-
cles with the necessary characteristics for inhaled drug de-
livery, they may also induce undesirable physical and 
chemical changes in the drugs and excipients due to the 
inherent stresses and interactions involved during particle 
formation. These include mechanical stresses, thermal 
stresses, and interactions with solvents, which can result in 
surface and bulk changes in the crystalline structure, tri-
boelectric charging, and chemical reactions that may ad-

versely affect aerosol performance and drug efficacy and 
safety. Moreover, the influence of storage conditions and 
interactions with atmospheric water can potentiate these 
effects. Minimization of undesired or unanticipated physi-
cochemical changes during particle engineering requires a 
thorough understanding of the process, its potential interac-
tions with drug molecules, and subsequent effects on the 
final process. Careful optimization and control of particle 
formation processes and rational formulation design must 
then be employed to minimize and mitigate these undesired 
changes. By adopting appropriate methods and process 
parameters, pharmaceutical researchers can produce stable 
drug particles with the desired characteristics for efficient 
drug delivery and therapeutic effectiveness.

Destructive or “top-down” particle formation techniques 
encompass the production of respirable drug particles 
through the application of mechanical forces that result in 
particle breakage. Destructive particle engineering ap-
proaches include milling and homogenization technolo-
gies. In milling, particle breakage is achieved through 
particle–particle collisions and between the particles and 
the surrounding equipment. Homogenization also involves 
impact forces, but particle breakage is also achieved via the 
application of shear forces, cavitation, and pressure and 
flow forces. This review will focus on milling as a proto-
typical destructive particle engineering technique based on 
its wide use in the manufacturing of respirable powders.
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Constructive or “bottom-up” particle formation pro-
cesses encompass controlled precipitation approaches for 
forming particles, such as spray drying, spray freeze dry-
ing, thin film freezing, and antisolvent precipitation. In 
these approaches, the drug and/or excipients are typically 
dissolved in a solvent and exposed to either a drying me-
dium (spray drying), cryogenic environment (spray freeze 
drying/thin film freezing), or solvent in which the drug has 
very little to no solubility (antisolvent precipitation). In the 
case of spray drying and antisolvent precipitation, this re-
sults in rapid precipitation of the drug. Rapid freezing oc-
curs during spray freeze drying and thin film freezing, and 
the feed solvent is subsequently removed in a secondary 
lyophilization procedure. Compared to destructive particle 
engineering techniques, constructive particle engineering 
techniques can offer more control over particle size, mor-
phology, shape, and surface characteristics but carry unique 
considerations with regard to thermal stability and interac-
tions between the drug/excipients and solvents. Similar to 
milling, undesired transformations in the solid-state struc-
ture and chemical instability can occur. This review will 
focus on spray drying as a prototypical constructive parti-
cle formation process based on its wide use in the pharma-
ceutical industry.

This review is structured to provide insight into how the 
unique stresses occurring in milling and spray drying affect 
the solid-state properties of the end particles, which in turn 
affect chemical stability, stickiness, and triboelectric 
charging, all of which can impact the safety and perfor-
mance of inhaled drug products. For each process, the im-
pact of the starting material properties on the solid state 
transformations is discussed. Thus, we intend to provide a 
guide for formulation scientists to select an appropriate 
processing approach and adjust process parameters accord-
ing to the risks associated with a given molecule. Given the 
unique considerations for the dry state stability of biologi-
cal products such as proteins, the scope of this review will 
primarily focus on small molecules.

2. Mitigation of undesired physicochemical 
changes in milled particles

2.1 Effects of milling process on particle solid 
state

Particle size reduction in milling occurs through the 
fracture of particles following collisions with each other, 
the milling equipment, or the milling media. Fracture 
mechanisms include impaction (force is applied normal to 
the particle surface), attrition (force is applied parallel to 
the particle surface), compression (slow application of 
force), and shear and cavitation forces when liquid medium 
is used (Parrott, 1974). The mills used most frequently for 
orally inhaled drug products are fluid energy mills, in 
which particle fracture occurs via the application of 
high-velocity air jets and the generation of turbulence and 

particle–particle collisions; and ball mills, in which balls or 
beads are incorporated and cause grinding through colli-
sions with particles (Yokoyama and Inoue, 2007). For ei-
ther mill, the rates and type of collision impact the end 
particle size distribution and can result in solid state trans-
formations.

When mechanical stresses are applied to a particle 
during the milling process, the energy is initially stored as 
strain energy, and the solid undergoes reversible deforma-
tion. Further application of stress beyond the yield point of 
the solid results in permanent deformation and the initia-
tion of cracking (Brunaugh and Smyth, 2018; Parrott, 
1974). For semi-brittle and ductile materials, plastic defor-
mation precedes fracture. The energy balance in particle 
fracture and the creation of new surfaces can be defined by 
the first law of thermodynamics (Eqn. (1)) (Zeleny and 
Piret, 1962):

s S s s
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where Ws is the work input to the material, QS is the heat 
produced in the material, s
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 is the average surface energy 
per unit area of the material, ΔA is the surface area change, 
and ΔDs is the deformation energy of the material. Thus, 
the work required to fracture a particle is dependent upon 
the surface energy or surface tension of the material. For 
fracture to occur, the cohesive forces of the molecules on 
either side of the crack must be overcome. For this reason, 
cracks will initiate and propagate along existing micro-
flaws in the material, as described by Griffith’s theory for 
crack propagation (Griffith and Taylor, 1921). If a crystal 
were completely perfect, the applied mechanical forces 
would be distributed uniformly across the structure, result-
ing in breakage into uniform, individual units. However, all 
crystalline solids contain defects in their lattice structure, 
which results in fracture into a few larger particles and 
many fine particles and contributes to the typical asymmet-
rical size distribution of milled materials (Parrott, 1974).

It is well established that comminution via milling can 
result in the unintentional generation of molecular disorder 
in the crystalline structure or the generation of amorphous 
regions (De Gusseme et al., 2008; Feng et al., 2008; Ward 
and Schultz, 1995). The extent of this disorder is dependent 
upon the amount of energy imputed into the process (pres-
sure employed in the mill, or the efficiency of the mill). 
This has several consequences for milled drugs, including 
changes in solubility, increased particle cohesion, devia-
tions in blend uniformity, and reduction in aerosol perfor-
mance (Shur et al., 2013). Additionally, disordered surfaces 
will have a thermodynamic tendency for recrystallization, 
which can lead to the formation of solid bridges between 
particles and irreversible aggregation (Dunber et al., 1998).

When the mechanical forces generated in milling exceed 
the intermolecular forces in the crystal lattice structure 
(e.g., electrostatic interactions, van der Waals forces, and 
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hydrogen bonding), disruption and disorder of the crystal 
lattice structure will occur (York, 1983). Crystal fracture is 
postulated to occur when the lattice dislocations accumu-
late and attain a critical density (Olusanmi et al., 2011). In 
addition to fracture, depending on the material properties 
and the magnitude of the applied forces, small point defects 
to complete disruption of the lattice order may occur, re-
sulting in the formation of amorphous or partially disor-
dered structures (Iyer et al., 2023). The resulting increase in 
entropy of the disordered system increases the free energy 
of the system and produces solids that are in a so-called 
“mechanically activated” state in which acceleration of 
chemical and physical reactions can occur (Hüttenrauch et 
al., 1985). Crystal to amorphous phase transition during 
milling is hypothesized to occur as a result of mechanical 
or thermodynamic destabilization (Crowley and Zografi, 
2002). Mechanical destabilization theorizes that if mechan-
ical forces and the resulting anharmonicity of phonons in 
the material violate the Born stability criteria of the crystal 
lattice, the lattice will collapse to yield an amorphous form 
(Tse, 1992). Thermodynamic destabilization theorizes that 
amorphous transformation occurs when the concentration 
of defects in the crystal lattice induced by the mechanical 
energy input exceeds a critical limit beyond which the 
amorphous form has greater thermodynamic stability than 
the disordered crystal (Fecht, 1992).

Process optimization to control solid-state transforma-
tions in milling has primarily focused on the effects of 
temperature and milling intensity. The breakage propensity 
of aspirin during milling was found to increase with tem-
perature (Olusanmi et al., 2010), and it is possible that this 
could be applied to other materials to improve milling effi-
ciency. However, if the goal is to produce amorphous parti-
cles, milling should be performed at temperatures well 
below the glass transition temperature (Tg) of the expected 
amorphous state (Descamps et al., 2007; Tsukushi et al., 
1995). Milling at temperatures above Tg can lead to poly-
morphic transformation of the disordered material 
(Descamps et al., 2007). For some high Tg materials (e.g., 
trehalose), this can be accomplished under ambient condi-
tions; however, materials with lower Tg may benefit from 
cryogenic milling. An additional benefit of cryogenic mill-
ing is that it can be used to make semi-brittle or ductile 
materials more brittle. At higher temperatures, thermal ac-
tivation enables greater movement of crystal lattice dislo-
cations by diffusion, thus enhancing plastic flow (Olusanmi 
et al., 2010). Indomethacin has provided a useful model for 
examining the effect of milling intensity on solid-state 
transformations, as it exhibits multiple polymorphs as well 
as the formation of a glassy state. In a study using amor-
phous indomethacin, Desprez et al. (Desprez and Descamps, 
2006) found that different milling durations and intensities 
led to the transformation into different crystalline forms, 
which was hypothesized to be due to successive solid-state 

transformations as the milling time progressed. Milling at 
low intensity or short duration at higher intensity promoted 
direct crystallization of the stable γ crystalline form, 
wherease milling at high intensity and long duration pro-
moted crystallization of the metastable α phase, either 
during the milling process itself or upon reheating the 
glass. These trends followed those observed with tempera-
ture effects on the crystallization of amorphous indometha-
cin, in which the stable γ form crystallizes at lower 
temperatures (near the Tg), whereas the metastable α form 
crystallizes at higher temperatures. Material properties 
(e.g., hardness, morphology) can confound the impact of 
the type of mill used on the tendency toward crystalline 
disorder. Chikhalia et al. (2006) found that specifically for 
the plate morphology of β-succinic acid, ball milling re-
sulted in greater crystalline disorder than jet milling, al-
though the opposite trend occurred for needle-like 
morphology.

Several patents (Lee, 2012; Vemuri et al., 2003) describe 
the incorporation of humidified air into the fluid energy 
milling process to produce a powder with little to no amor-
phous content. Alternatively, several formulators (Brodka- 
Pfeiffer et al., 2003; Depasquale et al., 2015; Ward and 
Schultz, 1995) have used a process of “curing” or “condi-
tioning” of milled powders, in which recrystallization of 
partially amorphous solids is induced in a controlled man-
ner through storage under high humidity conditions for a 
specified duration. In humid environments, water mole-
cules adsorb onto the amorphous regions of the particle 
surfaces and function as plasticizers, thereby reducing the 
Tg (Price and Young, 2005). Provided that the surrounding 
environment maintains a temperature above Tg, the in-
creased molecular mobility within the surface amorphous 
regions will promote accelerated crystallization. Given that 
it can alleviate unexpected solid-state transformations and 
changes in quality attributes during storage, the FDA rec-
ommends a conditioning step for micronized drug products 
in their draft guidance for dry powder inhalers (DPIs) 
(Food and Drug Administration, 2018), although a specific 
method is not provided and is probably product dependent. 
The inclusion of humidified air is critical to the condition-
ing process for milled powders (Brodka-Pfeiffer et al., 
2003); dry conditioning of micronized albuterol for 24 h at 
70 °C did not result in recrystallization, whereas a relative 
humidity above 50 % did produce crystallization. This was 
hypothesized to be due to the expulsion of water from par-
ticle surfaces at high, dry temperatures, which would have 
a deplasticizing effect. Importantly, in this study, it was 
found that a combination of higher temperature (40 °C) and 
high humidity increased particle growth during storage 
relative to a lower temperature (25 °C) storage. This could 
have been due to increased molecular mobility at higher 
temperatures, leading to the formation of crystal bridges.
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2.2 Impact of starting material on solid state of 
milled particles

Mechanical properties such as Young’s modulus, hard-
ness, and fracture toughness impact fracture strength, de-
formation behavior, and subsequently particle breakage in 
milled materials (Brunaugh and Smyth, 2018). Feed mate-
rial properties have also been correlated with the propen-
sity to crystal disorder during milling. The molar volume of 
a crystalline solid has been theoretically (Wildfong et al., 
2006) and experimentally (Lin et al., 2009) correlated with 
amorphization because it relates to geometric constraints 
on crystal dislocation before a critical density is obtained. 
A higher Tg has also been correlated with increased amor-
phization by milling (Lin et al., 2009), likely due to stabili-
zation of the amorphous state during processing.

Hydrates and solvates affect solid-state transformations 
during milling. Crowley and Zografi (2002) examined the 
differing propensity of two indomethacin solvates (metha-
nol and t-butanol) toward solid-state transformations 
during grinding. Although indomethacin is generally rec-
ognized as a good glass former, amorphization was initially 
unobserved upon grinding although desolvation of metha-
nol was. This was hypothesized to be due to the plasticiza-
tion effects of methanol contributing to the rapid 
recrystallization of a transient amorphous form, which was 
confirmed through a modified, cryogenic grinding experi-
ment where an amorphous phase containing residual meth-
anol was formed and required additional drying to stabilize. 
T-butanol, in contrast, resisted desolvation or solid-state 
transformation. Similar plasticization effects have been 
observed with the milling of hydrates; while the milling of 
anhydrous forms of trehalose and glucose results in amor-
phization, trehalose dihydrate and glucose monohydrate 
remain crystalline (Willart et al., 2010). Hydrates have also 
shown greater susceptibility to particle breakage than an-
hydrates because of alterations in molecular packing 
(Schneider-Rauber et al., 2021). Therefore, the use of hy-
drates and solvates can be a useful approach when avoid-
ance of amorphization is desired.

The inclusion of excipients to prevent amorphization 
during milling has been explored (Balani et al., 2010; Lau 
et al., 2017). Balani et al. (2010) found that co-milling of 
salbutamol sulfate with crystalline alpha-lactose monohy-
drate, adipic acid, or magnesium stearate was effective in 
reducing the amorphization of the drug, as assessed by 
X-ray powder diffraction (XRPD), dynamic vapor sorption 
(DVS), and differential scanning calorimetry (DSC). Based 
on XRPD patterns obtained after different milling dura-
tions, the stabilizing effect of the excipients was hypothe-
sized to be due to the excipient particles acting as seed 
crystals to induce recrystallization of the amorphous drug. 
As confirmed by co-milling crystalline lactose with an 
amorphous sample of salbutamol sulfate resulted in com-
plete recrystallization. The ability of drug seed crystals to 

induce recrystallization during milling has been reported in 
other studies (De Gusseme et al., 2008; Otsuka and 
Kaneniwa, 1986). It is important to note in this study that 
an excipient in the crystalline state is necessary to induce 
recrystallization during the milling process; co- 
milling with amorphous polyvinylpyrrolidone (PVP) had 
no effect on drug crystallinity.

2.3 Effects of milling on chemical reactivity
The work of generating new surfaces in milling produces 

heat. Thus, localized temperature increases during milling 
(Schmalzried, 1995) may contribute to thermal degrada-
tion. Cryogenic milling has also been used to reduce the 
effect of heat generation on micronized compounds 
(Chamarthy and Pinal, 2008); however, Adrjanowicz et al. 
(2011) found that compared with room temperature pro-
cessing, milling under cryogenic conditions resulted in a 
duration-dependent chemical degradation of furosemide, 
with an identical degradation product produced as reported 
for thermal degradation. This is unusual because the rate of 
thermally activated chemical reactions typically increases 
with increasing temperature (Adrjanowicz et al., 2011), and 
it was hypothesized that the reaction instead occurred 
through a pathway activated by mechanical energy pro-
vided through a combination of high-energy collisions and 
the increased surface area and amorphous content of the 
milled material (Adrjanowicz et al., 2011). Thus, milling 
under cryogenic conditions is not necessarily a guarantee 
against chemical degradation, and the product must still be 
carefully monitored.

Regions of crystal lattice damage or amorphousness 
generated during milling can also increase the chemical 
degradation rate of the product, particularly when exposed 
to water (Ahlneck and Zografi, 1990; Weers and Miller, 
2015). Amorphous solids take up more water than their 
crystalline form. Because of the disordered state of the 
solid, it is possible for water to dissolve in the solid, where 
it acts as a plasticizer and reduces the Tg. As the ambient 
temperature increases above Tg, the viscoelasticity of the 
solid decreases and the molecular mobility of both water 
and the solid increases. This increased mobility increases 
the chemical decomposition rate for amorphous solids as 
well as partially damaged crystal lattice structures (Ahlneck 
and Zografi, 1990; Pikalet al., 1977). To avoid this risk, the 
duration and energy of the milling process may be reduced 
to attenuate crystal lattice disorder.

3. Mitigation of undesired physicochemical 
changes in spray-dried particles

3.1 Effect of spray-drying process on particle solid 
state

Spray drying is a manufacturing technique suitable for 
the large-scale production of powders with ideal character-
istics for pulmonary delivery. These properties, which are 
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generally straightforward to design for different scales, in-
clude well-defined particle size with a narrow distribution, 
good flowability, improved bioavailability resulting from 
higher aqueous solubility, and enhanced stability of biolog-
ics achieved through glass stabilization (Alhajj et al., 2021; 
Baumann et al., 2021). The aerodynamic size of spray-
dried particles can be predicted from a mass-balance equa-
tion (Eqn. (2)) (Vehring R., 2008a):
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where da and d0 represent the aerodynamic diameter of the 
particles and the diameter of the initial atomized droplets, 
respectively, while CF, ρp, and ρ* denote the total feed 
concentration, particle density, and unit density (1000 g/mL),  
respectively. According to this equation, the final particle 
size distribution is primarily influenced by the size of the 
atomized droplets and, to a lesser extent, by the total feed 
concentration of the solutes.

Fig. 1 illustrates a schematic representation of the spray- 
drying process, which involves atomizing a solution or 
suspension into a fine spray within a chamber in the pres-
ence of a hot gas flow. Evaporation of a droplet involves the 
transfer of heat from a hot gas via conduction and convec-
tion to the droplet surface and the transfer of vapor from the 
droplet surface into the gas stream via diffusion and con-
vection. The rate of this transfer is dependent upon the 
properties of both the drying gas (temperature, humidity, 
transport properties) and the droplet (diameter, tempera-
ture, relative velocity) (Ranz, 1952). Droplet evaporation 

in spray drying is thermodynamically driven by the differ-
ence in chemical potential between the solvent in the solid-
ifying droplet and in the carrier gas/vapor phase; thus, the 
drying rate is proportional to the magnitude of the differ-
ence between solvent activity adjacent to the droplet sur-
face and that of the bulk carrier gas (Handscomb et al., 
2009a; Singh and Van den Mooter, 2016). This necessitates 
careful control of humidity during the spray-drying process 
and efficient solvent removal if operating in a “closed-
loop” mode to maintain this differential and if a rapid dry-
ing rate is desired. Similarly, the droplet surface must 
remain saturated with solvent, and the drying rate will be-
gin to decrease once the solvent molecules can no longer 
diffuse to the surface at a sufficient rate to maintain satura-
tion (Handscomb et al., 2009a). Drying continues until the 
solvent activity in the solid and vapor phases has reached 
equilibrium.

The process of solvent removal during spray drying can 
be broadly classified into two states: 1) a constant drying 
rate period and 2) a declining drying rate period. During the 
constant drying rate period, the droplet temperature ini-
tially equilibrates to the wet bulb temperature and then be-
gins to increase as the amount of solids at the surface of the 
droplet increases (Nešić and Vodnik, 1991). Toward the 
end of this period, the accumulation of solids at the droplet 
surface causes a reduction in the vapor partial pressure at 
the surface and a reduced rate of evaporation; the trans-
ferred heat is instead used for droplet heating. This marks 
the start of the declining drying rate period, where the for-
mation of a crust increases the resistance to heat and mass 
transfer. Depending on the permeability of the crust for 
vapor diffusion, whether the bulk carrier gas temperature is 
greater than the solution boiling temperature, and the me-
chanical properties of the crust, an increase in internal 
pressure can lead to inflation, cracking, or explosion. Con-
versely, shrinkage or buckling of the shell may occur be-
cause of the capillary pressure of the receding continuous 
phase (Handscomb et al., 2009b). Thus, manipulation of 
the drying rate offers some degree of control over particle 
morphology, as the morphology of the produced particles is 
strongly dependent on the properties of the formed crust 
(Handscomb et al., 2009a). Upon bulk solvent removal 
from the particle core, the drying rate continues to decrease 
as the residual solvent is evaporated from the pores and 
micropores until the temperature of the droplet approaches 
that of the surrounding carrier gas (Nešić and Vodnik, 
1991). Once formed, particles are then typically separated 
from the gas flow using cyclonic separation for further 
processing (Carrigy and Vehring, 2019; Ordoubadi et al., 
2022). The spray-dried powder may be subjected to addi-
tional drying processes to further reduce the residual solid 
content.

Ultimately, whether a spray-dried particle will be amor-
phous, partially amorphous, or crystalline depends on 

Feed Solution
or suspension

Hot process
drying gas

Filter

H
eater

Gas Supply

First drying stage Second drying stage

Constant drying rate
Solvent evaporation

Falling drying rate
Crust formation

Fig. 1 Schematic of the spray dryer and particle formation in the open 
mode.
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whether nucleation and crystal growth can occur before the 
droplet dries. The time length of this critical period can be 
decreased through adjustments of process parameters that 
impact the droplet evaporation rate and surface saturation 
of the droplet components, which include the inlet tem-
perature, feed flow rate, and feed solid concentration. 
Given that adjustment of these parameters can have con-
founding effects on the drying capacity of the spray dryer 
and the temperatures to which the drying particle is ex-
posed, which can conversely impact molecular mobility, 
the most efficient mechanism for optimization is probably a 
multifactorial experimental approach. Mathematical mod-
els for particle formation have been extensively presented 
by Vehring and colleagues (Hoe et al., 2013; Vehring et al., 
2007; Vehring, 2008a), an overview of which is presented 
here. Eqn. (3) describes the time it takes for a droplet to dry 
completely (τD):
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where d0 is the initial droplet diameter and κ is the evapo-
ration rate. Eqn. (4) describes the time for a component, i, 
to reach surface saturation:
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where c0,i is the initial concentration of the component i in 
the droplet, csol,i is the equilibrium solubility of component 
i, and Ei describes surface enrichment of component i, that 
is, the surface concentration of component i in relation to 
its concentration in the bulk droplet. The time remaining 
between saturation and complete droplet drying describes 
the time available for crystallization of component i, re-
ferred to as the precipitation time (τp,i), and is described in 
Eqn. (5):
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where ρt,i is the true density for component i. Depending on 
whether the component has sufficient time to crystallize 
before droplet drying is complete, a crystalline, partially 
amorphous, or amorphous particle will form.

Crystallization kinetics have been modeled in the spray- 
drying process through several different methods, includ-
ing those related to the thermodynamic drivers for nucle-
ation and crystal growth kinetics and solid-state 
transformation that can occur from a transient amorphous 
to crystalline state as solvent contents change in the drying 
droplet. For a saturation-based approach to crystallization, 
each individual droplet can be considered a crystallizer. A 
thermodynamic drive for nucleation and crystal growth is 
provided by the difference between the chemical potential 

of the solute in solution and the crystal form (Eqn. (6)) 
(Dirksen and Ring, 1991):
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where R is the universal gas constant, T is the absolute 
temperature, and a and a* are the activities of the solute in 
supersaturated and saturated conditions, respectively. For 
an ideal solution, this can be expressed in terms of the ratio 
of the solute concentration (C) to the equilibrium solubility 
(Ceq) at a given temperature and pressure. Evaporation of 
solvent during the spray-drying process increases C and the 
degree of supersaturation, thus increasing the thermody-
namic drive for crystallization. The rate of nucleation can 
be described using an Arrhenius equation (Eqn. (7)) ac-
cording to Classical Nucleation Theory (Thakur et al., 
2022):
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where A is a constant that depends on the stochastic process 
of attachment and detachment of the solute from the sur-
face of the nucleus, kB is Boltzmann’s constant, ΔG* is the 
change in free energy required for critical cluster forma-
tion, and T is the nucleation temperature. The frequency of 
molecular transport (v) to the nucleus–liquid interface is 
related to the bulk viscosity (η) using the Stokes–Einstein 
equation (Eqn. (8)) (Rodríguez-Hornedo and Murphy, 
1999):
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where ao is the mean effective diameter of the diffusing 
species. Further crystal growth can be controlled by vol-
ume diffusion, i.e., it is rate-limited by the diffusion of the 
solute from the bulk solution to the crystal surface, or it can 
be controlled by surface integration, i.e., incorporation of 
the molecule into the crystal lattice is the rate-limiting step 
(Rodríguez-Hornedo and Murphy, 1999). Ultimately, crys-
tallization is limited by the extent of molecular rearrange-
ment in the liquid adjacent to the interface (Turnbull, 
1969). If this molecular rearrangement is slowed and if the 
clusters cannot assemble into crystals during the timeframe 
of droplet drying (e.g., through an increase in viscosity), 
then an amorphous solid will be formed. Unintended poly-
morph transformations can also occur in bottom-up particle 
engineering techniques such as spray drying. Ostwald’s 
Rule of Stages states that crystallization from a solution 
typically occurs in a manner in which the least thermody-
namically stable polymorph is formed first, followed by 
subsequent transitions into more stable forms (Nývlt, 
1995). However, the rapid drying times that occur during 
spray drying may not enable full conversion to the most 
stable polymorph and can instead result in a metastable 
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crystalline form or a mixture of polymorphs (Vehring, 
2008b). The polymorph in the final product can be influ-
enced by both the process parameters and feed formulation. 
The length of the drying time has been used as a mecha-
nism of controlling the crystalline state produced, as well 
as the variation in droplet size (Lee et al., 2011). Lee et al. 
(2011) found that variation in mannitol polymorphs oc-
curred as a function of droplet size, which was theorized to 
be due to the slower drying of larger droplets, as the reten-
tion of moisture facilitates crystallization to the stable 
polymorph. Inclusion of excipients in the spray dryer feed 
solution can control polymorph transition because excipi-
ent molecules will adsorb onto crystal surfaces and affect 
the direction of crystal growth (Kitamura, 2009). Likewise, 
incorporation of a co-solvent in the feed solution can be 
used as a mechanism to control the polymorphism, as this 
will alter the nucleation and crystallization rate (Kitamura, 
2009; Lee et al., 2011; Roelands et al., 2006).

Spray drying is unique in that it involves concurrent 
evaporation and particle formation processes. Using single 
droplet drying data of lactose solution, Woo et al. deter-
mined that before the formation of a solid crust in the dry-
ing droplet, a saturation-based analysis similar to that 
provided above can be used to predict the extent of crystal-
lization; however, upon the formation of the crust, crystal-
lization is more aptly modeled using solid-state approaches 
(Woo et al., 2012). Solid-phase crystallization in semi-
dried or dried particles during the spray-drying process can 
be modeled using the Williams–Landel–Ferry (WLF) 
equation, which describes viscosity (v) and thus molecular 
relaxation as a function of temperature difference from Tg 
(Eqn. (9)) (Williams et al., 1955):
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where C1 and C2 are material-dependent constants. The Tg 
during the various time steps in the drying process can be 
estimated using the Gordon–Taylor equation (Eqn. (10)) 
(Gordon and Taylor, 1952):
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The WLF equation can be integrated against the drying 
time to describe the driving force for crystallization based 
on changes in molecular mobility, where a larger value in-
dicates that the particle has experienced more crystalliza-
tion (Woo et al., 2012). Process drying efficiency and 
trends toward recrystallization of drying particles have 
been predicted using characteristic drying curves, in which 
a relative drying rate (the actual drying rate of the solids 
relative to the unhindered drying rate) is calculated as a 
function of the characteristic moisture content over the 
drying process as process parameters are adjusted (Chiou et 
al., 2007).

Ultimately, whether a spray-dried particle will be amor-
phous, partially amorphous, or crystalline depends on 
whether nucleation and crystal growth can occur before the 
droplet dries. The time length of this critical period can be 
decreased through adjustments of process parameters that 
impact the droplet evaporation rate and surface saturation 
of the droplet components, which include the inlet tem-
perature, feed flow rate, and feed solid concentration. 
Given that adjustment of these parameters can have con-
founding effects on the drying capacity of the spray dryer 
and the temperatures to which the drying particle is ex-
posed (e.g., the outlet temperature), which can conversely 
impact molecular mobility, the most efficient mechanism 
for optimization is probably a multifactorial experimental 
approach.

The inlet temperature, feed flow rate, and solid content 
are directly related to the heat and mass transfer efficiency 
in spray drying. Increasing the inlet temperature will in-
crease the evaporation rate because the heat transfer to the 
droplet surface increases the average kinetic energy of the 
solvent molecules, enabling them to break free into the va-
por phase. As such, the surface saturation rate will also in-
crease and can produce particles with smaller crystals and 
lower overall crystalline content (Baldelli et al., 2016). 
More efficient solvent removal can also reduce its plastici-
zation effects and increase the Tg of the solids, although the 
residual solvent content cannot be reduced below zero. In-
creasing the temperature to increase drying efficiency must 
be balanced against the potential for drug degradation at 
higher outlet/dry bulb temperatures. Furthermore, if an 
amorphous product is desired, increasing the inlet tempera-
ture may also increase the temperature of the drying parti-
cle above Tg, thereby increasing molecular mobility and 
increasing the rate of recrystallization according to the 
WLF equation. Using experimental and modeling ap-
proaches based on the WLF equation, Langrish (2008) 
found that the rate of crystallization was greatly enhanced 
when the particle temperature was more than 30 K higher 
than the Tg of the material. Spray drying above the Tg has 
also been associated with a significant reduction in produc-
tion yield because of particles sticking to the walls of the 
cyclone (Camino-Sánchez et al., 2020).

If an amorphous end product is the goal, the outlet tem-
perature should be maintained below Tg. In the case of 
molecules with low Tg, this may necessitate the incorpora-
tion of anti-plasticizing excipients to increase the Tg of the 
mixture or the use of highly volatile solvents such as di-
chloromethane. Conversely, maximizing the positive tem-
perature differential between the particle and its Tg can be 
an efficient mechanism to induce crystallization. Increasing 
the feed flow rate results in a decrease in the outlet tem-
perature and decreases the drying efficiency as more mass 
is added to the system and evaporative cooling occurs. This 
can produce an increase in residual solvent content in the 
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dried particles, which can cause plasticization and impact 
storage stability. While increasing solids content will de-
crease the time to surface saturation and precipitation, this 
can also impede solvent removal depending on the perme-
ability of the crust formed during droplet drying.

3.2 Effect of starting material on solid state of 
spray-dried particles

The formation of amorphous or crystalline particles de-
pends not only on the operating conditions and process 
variables employed in spray drying but also on the materi-
als that are being fed to the spray drier. Whether a material 
forms a glass or an ordered crystalline structure depends on 
the efficiency and timescale of molecular packing as it re-
lates to phase transition into the solid state. Various struc-
tural features that affect the packing efficiency of molecules 
have been identified through experimental and statistical 
approaches. Identifying these features and understanding 
their impact on the thermodynamic drive and kinetics of 
crystallization can provide early guidance on the need for 
stabilizing excipients or adjustment of spray drying param-
eters, depending on the desired product outcomes. Gener-
ally, the presence of benzene rings in a molecule is 
associated with a planar structure and increased opportuni-
ties for non-specific van der Waals interactions between the 
aromatic rings, which promote a tightly packed, energeti-
cally favorable crystal structure (Mahlin et al., 2011; Yu et 
al., 2000). A higher molecular weight is associated with 
increased glass-forming ability, although this may be con-
founded by the typically higher complexity of these mole-
cules and increased configurational entropy (Yu et al., 
2000). Drugs with a molecular weight greater than 300 g/mol  
exhibit good glass-forming ability using different process-
ing technologies, including spray drying, which may pro-
vide a quick screening tool for the tendency to crystalize 
(Mahlin and Bergström, 2013). Other molecular features 
that support glass formation during spray drying include a 
highly branched structure or asymmetry (Mahlin et al., 
2011). Molecules with more rotatable bonds exhibit slower 
crystallization kinetics because of the decreased probabil-
ity that a molecule conformer will be in the proper orienta-
tion to undergo nucleation or be incorporated into the 
growing lattice structure (Baird et al., 2010; Yu et al., 
2000). Increased electronegativity in a molecule also in-
creases the tendency toward amorphization upon spray 
drying (Mahlin et al., 2011), as it promotes hydrogen bond-
ing between molecules, which has previously been linked 
with the generation of molecular aggregates that pack 
poorly and limit the rate of molecular reorganization into 
the crystalline state (Wang et al., 2009).

For drugs that are poor glass formers, excipients can be 
incorporated into the feed to stabilize the amorphous state, 
e.g., through the formation of an amorphous solid disper-
sion (ASD) in which a matrix-like structure is formed that 

hinders the molecular mobility of any molecules incorpo-
rated into it. Even in the case of drugs that readily form 
amorphs, an ASD development approach can be a useful 
strategy to overcome the thermodynamic instabilities of the 
amorphous form and raise the Tg to a level sufficient for 
storage stability, e.g., greater than ~50 K of the anticipated 
storage temperature (Hancock et al., 1995). In the context 
of spray-drying ASDs for administration via dry powder 
inhalers, it is important to check that the excipients display 
properties to ensure that they are well tolerated in humans 
and are amenable to scale-up production. These properties 
include an established safety profile, biocompatibility, no 
displayed toxicity, and polymer processability, e.g., suffi-
cient solubility in solvents for spray drying. Sugar-based 
excipients and polymers such as HPMC, HPMCAS, and 
PVPs are generally considered to be biologically inert, are 
generally recognized as safe, and are present in commercial 
products (Anane-Adjei et al., 2022). This review will pro-
vide a brief discussion on the use of polymers as glass- 
stabilizing excipients as a case example based on their wide 
use in the stabilization of amorphous small molecules, al-
though saccharides such as trehalose are commonly used 
for the stabilization of biological spray-dried products.

The specific polymer used in ASDs directly impacts 
physical stability and dissolution properties; therefore, it is 
imperative to understand the interactions between the drug 
and polymer in ASDs. The most common physicochemical 
property used to predict the compatibility of drugs and 
polymers is their miscibility, or ability to form a stable 
single phase. Intermolecular bonds, primarily hydrogen 
bonds and ionic interactions, between the polymer and the 
drug impact miscibility. In silico models are often used as a 
preliminary method for determining the miscibility of an 
ASD, usually by evaluating the surface charge characteris-
tics of both molecular entities. Models such as 
COSMO-Rank use this method to determine the miscibility 
of an API with various established polymers, which are 
then ranked based on the enthalpy of the predicted interac-
tion. Typically, the more negative the calculated enthalpy is 
between the API and polymer, the higher the ASD ranking 
(Anane-Adjei et al., 2022). Hydrophobicity also plays an 
important role in the success of a polymer in forming an 
ASD because it affects the strength of interactions between 
the polymer, the drug, and the feed solvent. Ilevbare et al. 
(2013) found that a moderate level of polymer hydropho-
bicity was ideal for inhibiting drug crystal growth in super-
saturated solutions, as it enabled non-specific interactions 
and promoted adsorption of the polymer to the surface of 
the crystalline drugs (Ilevbare et al., 2013). Excessive poly-
mer hygroscopicity, particularly when coupled with weak 
polymer–drug interactions, can negatively impact the stor-
age stability of ASDs through moisture-induced amor-
phous–amorphous phase separation (Rumondor and Taylor, 
2010). For polymers, an increase in the molecular weight 
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of the polymer generally results in an increase in Tg, ac-
cording to the Flory–Fox equation (Fox and Flory, 1950). 
Thus, one potential mechanism for stabilizing amorphous 
spray-dried products is to substitute a polymer with a 
higher molecular weight in the solid dispersion. However, 
it must also be considered that increasing the molecular 
weight will increase droplet viscosity during drying and 
impede solvent transport from the bulk to the surface (Wu 
et al., 2011). This can increase the amount of residual sol-
vent and result in plasticization.

Feed solvent selection can impact drug solubility and 
saturation, thermodynamic drive for crystallization and 
polymer behavior. The solubility of feed components in the 
feed solvent can impact crystallinity, as it affects the super-
saturation ratio. Harjunen et al. (2002) determined the ef-
fects of the ethanol-to-water ratio in the feed solution on 
the crystallinity of spray-dried lactose. Crystallinity was 
evaluated by isothermal microcalorimetry and differential 
scanning calorimetry. The solubility of lactose in water at 
room temperature is 0.21 mg/mL, whereas it is practically 
insoluble in ethanol. The authors found that the crystallin-
ity of spray-dried lactose varies from 0% to 100% depend-
ing upon the composition of the feed, where an increase in 
the proportion of ethanol in the feed produced a corre-
sponding decrease in the amorphous content of the spray-
dried products. The lactose spray dried from pure ethanol 
was 100 % crystalline, whereas the lactose spray dried 
from pure water was 100 % amorphous. Li et al. (2020) 
examined the phase behavior of ritonavir–copovidone 
spray-dried dispersions from methanol and methanol–water  
mixtures. The prepared ASDs were characterized using 
differential scanning calorimetry (DSC), fluorescence 
spectroscopy, X-ray photoelectron spectroscopy (XPS), 
and surface-normalized dissolution rate (SNDR) measure-
ments. Their results indicate that the addition of water to 
the solvent system could lead to phase separation during 
the spray-drying process, and even slight modifications in 
the composition of the solvent mixture resulted in notable 
alterations in the phase behavior of the ASDs during dry-
ing. These findings are relevant because the addition of 
water to organic solvents is often used to increase the solu-
bility of drugs or polymers in feed and because the use of 
hygroscopic solvents, such as methanol or acetone, in spray 
drying can pick up atmospheric moisture, leading to het-
erogeneity or phase separation of spray-dried ASD parti-
cles.

3.3 Effect of spray drying on chemical reactivity
Thermal degradation can be an issue in spray drying of 

thermolabile compounds, particularly proteins and pep-
tides or biodegradable polymers (Cheow et al., 2011). Al-
though largely beyond the scope of this review, for 
macromolecular biologics, degradation mechanisms that 
require the most attention during the formulation develop-

ment of spray-dried powders are denaturation and aggrega-
tion (Mensink et al., 2017). Denaturation of proteins is the 
unfolding and disruption of their tertiary and secondary 
structures, which generally occurs due to external stresses, 
with thermal, interfacial, and dehydration-related stresses 
being significant during drying processes (Haque and 
Adhikari, 2015). Protein aggregation is a series of struc-
tural changes involving protein–protein interactions that 
can lead to the formation of reversible or non-reversible 
clusters (Wang and Roberts, 2018). The formation of these 
protein clusters can reduce their therapeutic efficacy and 
potentially increase their immunogenicity and cause im-
mune response after delivery (Lundahl et al., 2021).

Oxidation and hydrolysis are common factors contribut-
ing to the chemical degradation of labile drugs and excipi-
ents during spray drying and subsequent storage, and these 
reactions can be catalyzed by the high temperatures present 
during processing. Although many of these chemical deg-
radation studies have been conducted on food products, the 
results are likely applicable to certain excipient classes 
relevant to inhaled drug products, e.g., phospholipids. For 
example, high (>180 °C) inlet temperatures during spray 
drying were found to result in increased lipid oxidation in 
spray-dried egg powder (Javed et al., 2018). Antioxidants 
have been included in a spray-dried HPMCAS-based ASD 
to prevent oxidation during storage (Kotha et al., 2022) and 
could provide similar protective benefits during process-
ing. Sodium caseinate–lactose powders containing an in-
creased percentage of hydrolyzed sodium caseinate 
exhibited increased powder sticking during processing, in-
creased particle breakage/friability, and a lower Tg and 
higher percentage lactose crystallinity upon storage, indi-
cating increased moisture sorption behavior (Mounsey et 
al., 2012). Thus, the chemical reactions such as hydrolysis 
may have impacts on the physical properties of powders as 
well as product safety.

4. Triboelectric charging of engineered 
particles

Because organic compounds typically consist of insulat-
ing material (Karner et al., 2014), engineered particles may 
accumulate electrostatic charges (triboelectrification) 
during processing as particles move against the solid sur-
faces of equipment and each other (Kwok and Chan, 2013; 
Rasenack and Müller, 2004). The extent of triboelectrifica-
tion depends on ambient relative humidity, temperature, 
surface impurities, surface roughness, area of contact, and 
other physicochemical factors (Karner et al., 2014; Kwok 
and Chan, 2013). Attractive forces produced during parti-
cle charging can lead to particle agglomeration and adhe-
sion to equipment surfaces. This may result in alterations in 
particle size or blocking of powder flow pathways through 
equipment (Kwok and Chan, 2013). In contrast, if repul-
sive forces are produced from particle charging, blend  
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stability and bulk powder density will be reduced, which 
may in turn affect dose metering (Bailey, 1993). The mate-
rial from which equipment is constructed will influence 
charge (stainless steel versus polymers) (Elajnaf et al., 
2006), as well as contamination of equipment surfaces over 
time, which could lead to variations from batch to batch if 
equipment is not properly cleaned or if detergent residue is 
left on equipment (Kwok and Chan, 2013). Furthermore, 
particle charging can be affected by relative humidity (RH), 
the magnitude of which is dependent on the hygroscopicity 
of the material. For particles with low hygroscopicity, RH 
appears to have a negligible effect; however, for particles 
with high hygroscopicity, electrostatic charging is inversely 
related to RH (Kwok and Chan, 2013). This is hypothe-
sized to be due to the reduction in surface contact as water 
is adsorbed.

In addition to altering the equipment material, avoidance 
of electrostatic charging can be achieved through the addi-
tion of certain excipients, such as fillers or lubricants, to the 
micronized drug powder (Kwok and Chan, 2013). For ex-
ample, Zhang et al. (2010) included an anti-electrostatic 
agent (Poloxamer 188) in an azithromycin formulation for 
inhalation to reduce the effect of charging. The solid state 
properties of particles can also influence charging behavior. 
Wong et al. (2014) found that amorphous salbutamol sul-
fate exhibited more variability in surface charge compared 
with the crystalline form, which was hypothesized to be 
due to the less defined molecular arrangement of the amor-
phous form. According to molecular modeling, the domi-
nant surface face of crystalline salbutamol sulfate contains 
electronegative sulfate counter-ions which impact the work 
function (the minimum energy required to remove an elec-
tron from the solid surface).

5. Conclusions
Undesirable physicochemical changes in particles engi-

neered for inhalation can be attributed to unanticipated 
transformations in the solid state due to processing condi-
tions. By understanding material-dependent propensity to-
ward solid-state transformations and how these may be 
amplified by unique stresses present in top-down particle 
engineering approaches (e.g., milling) or bottom-up parti-
cle engineering approaches (e.g., spray drying), rational 
decisions can be made regarding the choice of processing 
approach, limitations of the process design space, and in-
clusion of stabilizing excipients. Although much research 
in this area has focused on empirical approaches toward the 
mitigation of undesirable physicochemical changes in par-
ticle engineering, future research directions may incorpo-
rate advanced statistical models and artificial intelligence 
to guide processing and formulation decisions.
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In KONA 2022, the fundamentals of two- and multidimensional 
particle size distributions were introduced. The next question in the 
field of two- and multidimensional distributions addresses their 
application to describe a particle process, e.g., agglomeration or 
separation. A multidimensional separation can be seen as retrieving 
only particles with a specific set of properties from a multidimensionally 
distributed system, e.g., retrieving only small particles (below a certain 
threshold in size) with a compact spherical shape (above a certain 
threshold in sphericity). The multidimensional separation allows the 
generation of functional particle systems with specific properties, e.g., 
semiconducting, optical, or electronic properties, which are required for 
high-technology applications. Starting from so-called particle-discrete 
information, i.e., an information vector for each particle containing its 
compositional, geometrical, and physical properties, it is possible to 
describe a multidimensional separation in full detail based on various 
properties. Each particle can be evaluated according to different separation properties, e.g., size, shape, and material composition. With 
this database, it is possible to define and work with separation functions to describe the multidimensional separation and quantify the 
separation results. For example, in the two-dimensional case, the median cut size becomes a median cut line, where the probability for a 
particle to belong to the concentrate is 0.5. Some case studies and examples show different approaches and possibilities to achieve a 
multidimensional separation in one or several connected process steps.
Keywords: separation function, Tromp curve, partition curve, multidimensional, particle property distribution

1. Introduction
In KONA 2022, Frank et al. presented the fundamentals 

of two- and multidimensional particle size distributions, 
allowing for a more detailed description of particle systems 
than combining a constant shape factor with a particle size 
distribution. They also demonstrated the challenges in 
measuring and retrieving multidimensional particle size 
distributions (Frank et al., 2022). Particle-discrete informa-
tion is necessary to generate particle property distributions 
of any dimension. For the one-dimensional distribution, 
which we all know as particle size distribution (PSD), the 
starting point is the information about the size, i.e., the 
equivalent diameter, of each discrete particle. This infor-

mation is grouped into size classes and weighted by num-
ber, cord length, surface, or volume. To compute particle 
property distributions of higher dimensions, which show 
the distributed values of size, shape, composition, crystal-
linity, and others simultaneously, particle-discrete informa-
tion has to be extracted (Fig. 1). Thus, each particle is 
described by an information vector containing the relevant 
particle-discrete data of its properties.

In addition to the multidimensional information about 
particle geometry, the composition of the individual parti-
cles provides additional dimensions in the description of 
particle systems. These dimensions are central aspects in 
the field of primary and secondary raw materials, where 
ores, slags, or anthropogenic waste materials (Fig. 2) have 
to be characterized, processed, and separated (Werner et 
al., 2020). Individual multicomponent particles are inter-
grown, i.e., they have a complex microstructure consisting 
of more than one material phase.

The cassiterite ore shown here (Fig. 3) consists of four 
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main materials, i.e., minerals. Each particle within the ore 
sample is composed of one or more of these minerals. Ma-
terial classes are chosen to reduce complexity, i.e., the di-
mension of the problem. For example, all iron-containing 
phases are grouped together in the material class iron ox-
ides. Using the color code, it becomes apparent that there is 
a vast diversity among the individual particles, even with 

just four different material phases. This behavior is also 
observed in the slag sample in Fig. 3 (right), which exhib-
its multiple material phases.

Multimaterial particles also become increasingly import-
ant in the field of particle design, when particles are coated 
(Fig. 4), encapsulated, co-precipitated, or integrated into 
composite materials (Hickstein and Peuker, 2009). The in-
terplay between different properties of a particle collective 
has therefore come into focus of research in recent years 
(Bagheri et al., 2015).

In summary, the concept of particle-discrete information 
forms the basis for generating multidimensional particle 
property distributions. These distributions are created by 
constructing property vectors for individual particles, 
which include various properties such as characteristic 
length, volume, shape factor, composition, porosity, rough-
ness, and crystallinity. The more elements are included in 
the vector, the higher becomes the potential dimensionality 
of the property distribution that can be generated from the 
particle-discrete data set. Common measuring techniques 
producing particle-discrete, multidimensional data are 
computed tomography (Çiçek et al., 2016; Ditscherlein et 
al., 2020; Egan et al., 2015; Leißner et al., 2020), dynamic 
image analysis (Bujak and Bottlinger, 2008; Kuzmanić and 
Mikoš, 2022; Oliver et al., 2019), and mineral liberation 
analysis (Leißner et al., 2016), as shown in Fig. 3. Other 
measuring techniques in which multidimensionality poses 
a particular problem include the shape influence in laser 
diffraction analysis (Matsuyama and Yamamoto, 2005; Pe-
ciar et al., 2022).

The properties in the vector may originate from different 
sources. Initially, these are the original measurement data 
obtained from different characterization methods and prin-
ciples. It is crucial to ensure that the data is thoroughly 
linked to the corresponding particle when combining or 
correlating measurements from different principles. Some 
properties in the vector, such as equivalent diameters and 
shape factors, are calculated or aggregated parameters 
(Heywood, 1961). These properties can be added to the 

Fig. 1 3D particles of different materials from which geometrical data 
can be retrieved, determined by 3D scanning (left) and by μ-CT (middle 
and right).

Fig. 2 Particles from the mechanical recycling process of lithium- 
ion-batteries as explained in Ref. (Werner et al., 2020), showing parti-
cles with non-compact irregular and significantly distributed shape 
properties.

LiAlO

Glass

Calcite

Eucryptite

Glaucochroit

Ca-Brucite

Steel

Al-Mn-Spinel

Silicates

Phyllosilicates

Cassiterite

Iron Oxides

Fig. 3 Material-related properties of individual particles, measured by mineral liberation analysis (MLA), which is a SEM-EDX-system, coupled 
with a mineral data base. Adapted with permission from Ref. (Buchmann et al., 2020b). Left: particles from different material streams in the process-
ing of a cassiterite ore (Ehrenfriedersdorf, Saxony); right: particles from a lithium-aluminate slag (RWTH Aachen IME), which occurs in lithium- 
ion-battery recycling.
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vector, resulting in a rapid increase in the number of  
elements. From the methodological perspective, particle- 
discrete multidimensional data sets are essential for creat-
ing multidimensional property distributions since they 
contain all necessary information. Only with additional  
information or assumptions, such as precise knowledge  
of particle geometry in the case of synthesized nanoparti-
cles, it is possible to directly generate the corresponding 
unique multidimensional distribution from several one- 
dimensional distributions (marginal distributions) (Demeler 
et al., 2014). Imaging techniques and correlative imaging 
methods, such as X-ray computed tomography, are often 
preferred for generating particle-discrete data sets (Frank et 
al., 2019; 2022).

The multidimensional description of the particle collec-
tive then provides the methods to investigate many com-
mon separation processes. On most classification and 
sorting machines, particles are sorted according to more 
than one parameter. While some of these properties are 
perceived to have an influence, they have yet to be thor-
oughly investigated. A perfect example is the sieving pro-
cess, in which results are displayed as a separation 
according to particle size, but where particle shape plays a 
vital role (Blott and Pye, 2008; Dehghani et al., 2002; 
Nakajima et al., 1979; Whiteman and Ridgway, 1986). 

Other examples are sedimentation (Wadell H., 1932a,b; 
1933) and the aero- (Furchner and Zampini, 2009), and 
hydrodynamic separation processes (Fontein, 1961), as 
well as processes for shape separation (Furuuchi and 
Gotoh, 1992).

Often, the multidimensionality of a separation process is 
implicitly shown by researchers without highlighting the 
multidimensionality explicitly (Tang and Puri, 2007). Ex-
amples include the separation of PET flakes from plastic 
bottle recycling on zig-zag sifters and air jigs (Friedländeret 
al., 2006) and separation by thermo-adhesion, where parti-
cles are selectively heated by microwaves until they stick 
to a surface (Baloun. et al., 2005).

In other separation processes, most importantly some 
analytical methods, the multidimensionality of the separa-
tion process is of key interest, for example, in flow-field 
fractionation, where particles are separated hydrodynami-
cally inside a flat channel (Baalousha et al., 2011). Re-
cently, separation processes have been shown to become 
comparable by calculation of a statistic entropy that de-
scribes the degree of disorder in a particle collective 
(Buchmann et al., 2020a).

In the following, a description of multidimensional par-
ticle property distributions is given, followed by a descrip-
tion of how two-dimensional separation processes can be 
presented in a convenient manner. The text ends with a re-
view of some examples of multidimensional separation.

2. Theoretical background
2.1 Working with particle-discrete datasets

When particle-discrete datasets are available, it is possi-
ble to generate the corresponding multidimensional parti-
cle property distributions. As in the one-dimensional case, 
property classes are defined with appropriate boundaries. 
In the multidimensional case, a property class addresses 
more than one property (Fig. 5). For the two-dimensional 
example, with the properties x (equivalent diameter/ 
particle size) and y (shape factor), each class contains the 
fraction of all particles, which fulfill the specifications:

● equivalent diameter: xi–1 < x ≤ xi
● shape factor: yj–1 < y ≤ yj

The two-dimensional particle density distribution uses a 
definition similar to the one-dimensional case. The follow-
ing example considers a set of particle data in which the 
volume of each particle is known. Only under the assump-
tion of constant density, a volume- or mass-weighted distri-
bution can be computed. Where length- and area-based 
distributions will sometimes occur in the description of 
one-dimensional property distributions, in practice, multi-
dimensional distributions will either be number- or  
volume-/mass-weighted.

To obtain the two-dimensional density distribution, the 
mass of the particles in class [i, j], mi,j, is divided by the 

50 μm

Fig. 4 SEM pictures of surface coated particles. The particles were 
produced by mechano-fusion (Alonso et al., 1989; Pfeffer et al., 2001; 
Tanno, 1990). Top: carrier particle (Al2O3 - DAW-45, Denka) with a 
polystyrene particle coating (Chemisnow SX-350 H, Soken Chemical); 
bottom: carrier particles (Alumina - DAW-05, Denka) coated with 
PMMA (Chemisnow MP2801, Soken Chemical) (Friebel et al., 2024).
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overall mass mtotal and the area of that class, which now 
involves two dimensions, Δxi for the property x and Δyj for 
the property y:
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The width of the property classes is the difference be-
tween the upper and lower limits for each property:
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Using dx and dy for the size of the classes, the two- 
dimensional property distribution can be written in a differ-
ential form as well:
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The normalization condition that the sum or the integral 

of a density distribution is equal to one is also valid for the 
two- and multidimensional cases. In the two-dimensional 
case, the density distribution has to be summed up over 
both x and y:
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The definition range of a two-dimensional property dis-
tribution describes a defined area in the x-y-plane. Outside 
this area, the density distribution is by definition:
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The cumulative sum is calculated via summing up or 
integrating the density distribution from the minimal val-
ues xmin and ymin up to a point (x, y):
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For the two-dimensional case, the cumulative sum is 
zero when both properties are below their minimal values 
and is 1 if both properties are above their maximum value:
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For better visualization heat plots, which project the 
third dimension, i.e., the numerical value of the distribu-
tion, in a color code, should be used instead of the 3D-plots 
(Fig. 6). For example, Fig. 7 shows the same two-dimen-
sional data-set (Fig. 6, right) as a heat map. Of course, this 
type of visualization can also be implemented for the den-
sity distribution (Fig. 6, left).

Fig. 5 Schematic representation of the two-dimensional definition of 
property classes for the properties x and y.

Fig. 6 3D-plot of a two-dimensional size-shape-distribution of 56500 particles, measured with the dynamic image analysis system PartAn 3D; left: 
probability density function; right: cumulative sum.
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Marginal distributions are distributions of lower dimen-
sionality. For the exemplary two-dimensional case (x, y), 
the corresponding marginal distributions are the one- 
dimensional distributions of the individual properties x and 
y. These derive from an integration over the other property, 
i.e., for q3(x) derives from q3(x, y) as integration over y in 
the entire variable range ymin to ymax:
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3 3
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y

q x q x y y    
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The marginal one-dimensional distributions can be visu-
alized at the individual axis of the heat-plot of the two- 
dimensional distribution (Fig. 7), either as histograms for 
discrete property classes or as smooth functions, when the 
heat plot shows a differential presentation of the distribu-
tion. The latter typically uses an interpolation between the 
property classes or even between the individual data points. 
Suitable interpolation methods are kernel density estima-
tion (Schach et al., 2019) and copulas (Czado, 2019; Furat 
et al., 2019; Joe H., 2014).

2.2 Characteristic particle sizes of the 
multidimensional distribution

One-dimensional particle size distributions are com-
monly described by the median particle size or the modal 
particle size as characteristic values, which are used to 
represent the entire particle size distribution with a single 
parameter, e.g., in empirical models. The identification of 
the modal particle property within the two- or multidimen-
sional property distribution is quite simple, since the modal 
property is the peak in the 3D plot, i.e., the element of the 
multidimensional property matrix (Fig. 5) with the highest 
numerical value. Regarding the complexity of the multidi-

mensional property distributions, multimodal distributions 
(with several distinct peaks) are expected to occur much 
more frequently than in the one-dimensional case.

The definition of the median particle property requires a 
detailed view of the distribution itself. In the two- 
dimensional case, there is an isoline, which contains all 
points that split the particle system into two fractions of 
same quantity. For example, in Fig. 8, which shows the 
distribution by number, 50 % of the particles derive from a 
fraction with an aspect ratio below 0.63 and particle- 
equivalent diameter below 350 μm; however, 50 % of par-
ticles are also contained in the fraction of particles below 
an aspect ratio of 0.8 and a particle-equivalent diameter of 
230 μm and smaller. The isoline itself cannot serve as one 
single characteristic parameter, but it is clear that the me-
dian of the cumulative sum of this particle system is located 
on this isoline. For the definition of the median particle size 
of a two-dimensional particle property distribution, we 
look at the intercept of the marginal property distributions. 
The median (x50, y50) is the point which fulfills the follow-
ing two conditions:

1. 50 % of the particles originate from particles below 
this size, which is the x50 of the marginal size distribu-
tion.

2. 50 % of the particles originate from particles below 
this shape factor, which is the y50 of the marginal 
shape distribution.

Looking at the heat plot with the curved and monotoni-
cally decreasing isoline (Fig. 8), the median represents in 
the two-dimensional case the point that creates the rectan-
gle having the maximum area A. Thus, the median (x50, y50) 
additionally fulfills the following condition:

  
max 50 max 50

  max.A x x y y      

 

(14) 

 

 

  

 (14)

Fig. 7 Two-dimensional plot of the cumulative sum (mass-weighted), 
also displaying the discrete particles’ data points. The outer one- 
dimensional distributions are the corresponding marginal distributions 
for size x and aspect ratio y = w/l.

Fig. 8 Cumulative sum distribution showing the isolines for 5 %, 
50 %, and 95 %. Visualization of the median particle size (x50, y50) as the 
intercept of the median values of the marginal distributions.
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3. Fundamentals of mixing and separation of 
multidimensionally distributed particle 
systems

Having defined the multidimensional property distribu-
tion, it has to be investigated how they can be used to de-
scribe particle-based processes.

3.1 Mixing of particle collectives
The mixing of two or more multidimensionally distrib-

uted particle systems still follows a simple mass balance, 
e.g., for the mixture of two samples:

res 1 2
m m m    
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Using the relative mass ν, i.e., the mass fraction, allows 
for a normalized discussion of the mixing process, where 
all relative masses νi sum up to one:
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The resulting probability density distribution of the mix-
ture can then be calculated from the density distributions of 
the individual samples:
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It has to be stated that it is only possible to mix particle 
property distributions of the same dimension, i.e., the parti-
cle property distribution of the mixture will have the di-
mensions of the particle property distribution with the 
lowest dimensionality.

When a three-dimensional property distribution is mixed 
with a two-dimensional distribution, the three-dimensional 
distribution has to be marginalized to a two-dimensional 
distribution prior to the calculation of the mixing process. 
Consider, for example, a dataset in which a multidimen-
sional distribution of particle size, shape, and density is 
known. For the second product, density was not determined 
explicitly. In calculating the probability density of the re-
sulting mixture, the information on density is lost. The 
marginalization therefore leads to a loss in information, 
which cannot be reversed later on, unless the resulting dis-
tributions are measured again.

The generalized form, which describes the mixing of n 
different distributions with the dimensionality m, is the 
weighted sum of the n distributions:
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3.2 Multidimensional separation function / Tromp 
curve

A multidimensional separation is defined as a separation 
according to more than one property. Independent of the 
dimensionality of the feed, the separation step creates two 
product fractions that vary in more than one property. Since 
this separation is not only a separation according to size 
parameters, the nomenclature of “concentrate” (c; mass 
fraction of concentrate) and “reject” (r; mass fraction of 
retentate) is used for the two product fractions, the first 
containing the product (valuable material), the latter con-
taining particles of lesser interest. The indices are derived 
from the sorting nomenclature with C for “concentrate” 
and R for “refuse” or “reject”. Correspondingly, the index 
S is used for the feed material (“supply”) (c.f. ISO 9276-4).

As an example, for the two-dimensional case, the mass 
balance of the distribution densities can be written using 
the corresponding mass fractions:
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The correlation of the integral mass balance and the 
class-wise mass balance allows for the recalculation of the 
concentrate and reject mass fractions using the data from 
the three density distributions involved in the separation, 
i.e., supply, concentrate, and reject:
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The separation function T indicates the probability 
whether a particle will be transferred to the concentrate or 
stay in the reject. The separation function T is defined in the 
interval [0, 1]. If the function equals T = 1, then the feed 
with these properties is entirely discharged into the concen-
trate. If it equals to T = 0, the concentrate fraction contains 
no particles from the feed in that area, and all feed material 
is discharged into the reject. Values of the separation func-
tion between 0 and 1 are a measure of the probability of the 
feed material ending up in the concentrate in a specific in-
terval.

Since the degree of separation is the fraction of the parti-
cle mass in each class (i, j) that passes into the concentrate 
fraction, it can also be calculated from the respective distri-
bution densities for the two-dimensional case. The calcula-
tion of the degree of separation for the higher-dimensional 
cases requires three discrete pieces of information, either 
all three property distributions of feed (s), concentrate (c) 
and reject (r), or two property distributions and a mass ratio 
c or r.

Like the one-dimensional separation functions, the mul-
tidimensional separation function has a definition range in 
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which they can take values between 0 and 1, in which the 
separation is subject to a degree of uncertainty. This defini-
tion range is for T(x, y) in the range between xmin and xmax 
as well as between ymin and ymax. However, individual 
classes in this two-dimensional area can take the values 0 
or 1, because for them a complete separation into concen-
trate or reject can occur. Furthermore, the calculation of 
T(x, y) can give values outside the definition range of 0 and 
1. The reason for such values is, in most cases an erroneous 
balance between the products and the feed material. An 
appropriate mass balance of the particle classes might be 
necessary to obtain reasonable results as e.g., proposed by 
Lamberg et al. (Lamberg and Vianna, 2007). Furthermore, 
balances can be biased due to analytical errors, which 
might require a correction of the results (Buchmann et al., 
2018).

If one defines the two-dimensional separation function 
on the basis of the associated two-dimensional density dis-
tributions of feed material and concentrate and the mass 
balance, it leads to the separation function TSC(x, y):
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Using the mass balance to replace c qC(x, y) with qS(x, y) 
– r qR(x, y), a different definition of the separation function 
is obtained, which uses the information of the reject and 
feed material:
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The marginal separation function is a lower-dimensional 
separation function of a multidimensional separation func-
tion. For the two-dimensional case, the one-dimensional 
separation function, i.e., a Tromp curve, is the correspond-
ing marginal separation function. For each two- 
dimensional partition function there are two marginal dis-
tributions, each of which represents the one-dimensional 
partition function with respect to the associated property:
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4. Separation functions
Before discussing the model cases of multidimensional 

separation, the one-dimensional separation function 
(Tromp curve) for a classification step is depicted in Fig. 9 
(left). The graph shows the distribution of the fine (f) and 
coarse (c) material, weighted by the mass split of the sepa-
ration, the resulting Tromp curve with a typical sigmoidal 
shape and the separation cut size (xT).

Because it will be an effect in the following discussion, 
Fig. 9 (right) shows a Tromp curve that exhibits the well-
known fishhook, starting at values greater than 0. There are 
different explanations for such a process behavior, includ-
ing, e.g., entrainment, adhesion of fine particles on coarse 
particles or measurement errors (Bourgeois and Majumder, 
2013; Nageswararao, 2000).

4.1 Examples of separation functions
Buchwald et al. (2023) discussed the deduction of the 

two-dimensional separation function for a virtually sepa-
rated particle system, where the particle-discrete data on 
the equivalent particle diameter and the shape factor aspect 
ratio were known. In that paper, the dataset coming from a 
dynamic image analysis (PartAn 3D) was presented as a 
mass distribution with a low resolution using 6 × 6 prop-
erty classes. Increasing the resolution to 50 × 50 property 
classes provides a smoother view of the same dataset and 
allows for a more accurate description of the separation 
function with isolines. Furthermore, some special details of 
the separation become visible, e.g., the two-dimensional 
equivalent of the fishhook effect.

4.2 Model cases of separation
To evaluate and classify a two- or higher-dimensional 

separation function, it is necessary to discuss the model 
cases of a two-dimensional separation (Fig. 10). Starting 
with the presentation of the ideal one-dimensional separa-
tion in the two-dimensional plot, the heat plot shows either 

Fig. 9 Two one-dimensional separation functions for size separations (classifications) with the underlying density functions of both the fine and the 
coarse fractions. The density functions have been multiplied by the respective mass fraction to better represent the mass share graphically. Left: ideal 
separation function of sigmoidal shape; right: separation function with “fishhook”.
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a horizontal (Fig. 10, upper left) for a separation only ac-
cording to the particle aspect ratio, with the reject at the 
bottom and the concentrate on the top, or a vertical isoline 
for the separation (Fig. 10, upper right) with the reject on 
the left and the concentrate on the right. Because the sepa-
ration is only due to a single parameter, the marginal sepa-
ration function of this parameter will show the step 
function of an ideal separation function, whereas the other 
marginal separation function will exhibit the behavior of 
ideal splitting with a constant value over the entire param-
eter range.

A perfectly sharp separation that involves both parame-
ters separates the parameter field into two areas of concen-
trate and reject (Fig. 10, lower left). The concentrate is 
situated in the upper right part of the plot, whereas the re-
ject is found in the lower left. Even though the two- 
dimensional separation function shows a perfectly steep 
increase, the marginal one-dimensional separation func-
tions show imperfectness: both marginal separation func-
tions increase from a starting value above zero and reach 
one within the definition range of the particle property dis-

tribution. This effect can be described as fishhook, as 
briefly explained in Section 3.2. The multidimensional 
case in Fig. 10 shows that fishhook effects in the one- 
dimensional margin distributions might be caused by an 
underlying multidimensional behavior. This effect can be 
found, e.g., for separation processes in fluid flows, in 
which, in addition to size and shape, the particle density has 
an impact on the particle process response.

The case of perfect splitting (Fig. 10, lower right), 
where feed, concentrate, and reject have an identical parti-
cle property distribution, results in a homogenous color 
over the entire definition range of the separation function in 
the heat plot.

4.3 Application of model cases
Particles were analyzed by dynamic image analysis in 

the PartAn 3D (now Camsizer 3D) by Microtrac. The de-
vice tracks particles while they fall through the measuring 
window, which allows for a recreation of the 3D appear-
ance of the particle from several rotated views. In contrast 
to conventional dynamic image analysis, which solely 

Fig. 10 Ideal cases of the two-dimensional separation function for the parameters x (size) and y = w/l (aspect ratio); upper left: ideal one-dimensional 
separation according to aspect ratio; upper right: ideal one-dimensional separation according to particle size; lower left: two-dimensional separation 
according to a linear combination of both parameters; lower right: ideal splitting without any influence of either size or aspect ratio.
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measures 2D projection areas of particles, this technique 
has the advantage of providing true volume and shape data 
for each particle.

The feed particle system (Fig. 11) shows a wide distribu-
tion of the particles in the definition range of size and 
shape. The distribution will be separated one- and multidi-
mensionally.

4.4 Separation according to size
The separation according to size is virtually generated 

using a certain imperfection that leads to an interstitial re-
gime and a certain spread of the separation function 
(Fig. 12). For the example given in Fig. 13, the marginal 
size fractions of concentrate and reject overlap in the size 
range between 200 μm and 300 μm.

The resulting separation function (Fig. 12) principally 
behaves like the model case for the separation according to 
size, showing a vertical slope. In addition to the median 
isoline, two further isolines are plotted, which represent the 
25 % and 75 % values of the separation function. Looking 
at the marginal separation function, the function for size 
separation shows the known s-shaped form of a Tromp 
curve, whereas the function for shape separation in the real 
case is widely distributed and differs considerably from the 
ideal split behavior, which is due to a certain size depen-
dency of the shape factor in the feed material.

4.5 Separation according to shape
The separation of the feed distribution according to 

shape generates a concentrate with higher aspect ratio and 
a reject with lower aspect ratio. The marginal distributions 
of the particle shape overlap for aspect ratios between 0.5 
and 0.6. The marginal distributions in size appear to be 
quite similar (Fig. 14).

The resulting two-dimensional separation function 
(Fig. 15) shows a horizontal median isoline at an aspect 
ratio of approximately 0.55. The marginal separation  

Fig. 11 Feed particle system discussed virtually separated in the 
model cases described in the text.

Fig. 12 Separation function for a one-dimensional separation accord-
ing to size. The separation function is calculated from the probability 
distributions in Figs. 11 and 12. Isolines display a separation degree of 
25 %, 50 %, and 75 %.

Fig. 13 Particle property distributions for the ideal separation according to particle size; left: reject; right: concentrate. The distributions sum to the 
feed displayed in Fig. 10.
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function for the aspect ratio shows the typical S-shape. The 
marginal separation function for the size separation has a 
quite high value of about 0.85 in the interval from 200 μm 
to 400 μm, indicating that only 15 % of the particles in this 
size class will end up in the reject. This result is due to the 
correlation between size and shape in the feed particle 
property distribution. In this size range, the size separation 
can be described as ideal split; however, above 400 μm the 
marginal separation function for size drops to below 0.5. In 
this size range the shape distribution of the particles 
changes and more particles will end up in the concentrate. 
The two-dimensional separation function also shows a 
second median isoline in the upper right corner, which is 
the two-dimensional analogion of the (one-dimensional) 
fishhook effect.

4.6 Two-step separation according to size and 
shape in series

In particle processing, the processing of a particle stream 
often involves several process steps in series to generate 
the required specifications of the particle system. When 
separation according to size and shape is performed in se-
ries, the final product, i.e., the concentrate, will contain all 
particles above a certain particle size and having an aspect 
ratio above a certain threshold (Fig. 16, left). The reject 
will contain all other particles.

The resulting separation function (Fig. 17) is the super-
position of the two individual separation functions for the 
size and shape separation steps. The superposition gener-
ates a separation function that eliminates the upper right 
corner of the two-dimensional feed distribution. Due to this 
positioning of the two-dimensional function, the marginal 
separation functions appear to be quite imperfect. Both 
show an S-shaped increase near their individual threshold 
value, but this increase does not reach the value of 1, which 
is due to the fact that each particle has to fulfill two condi-
tions to belong in the concentrate. Large particles with a 
small aspect ratio and small particles with high aspect ratio 
will therefore end up in the reject, making the one- 
dimensional separation functions never reach the value  
of 1.

4.7 Two-dimensional simultaneous separation 
according to size and shape

Most separation apparatuses will not separate particles 
according to a single feature. A real two-dimensional sepa-
ration occurs when the combination of two or more fea-
tures determines the separation result, i.e., when more than 
one properties become a separation feature in the separation 
process. The separation function can then have any geo-
metrical appearance in the two- or multidimensional plot.

In the two-dimensional example, the concentrate  

Fig. 14 Particle property distributions for the ideal separation according to particle shape; left: reject; right: concentrate. The distributions sum to 
the feed displayed in Fig. 11.

Fig. 15 Separation function for a separation according to particle 
shape, derived from the probability distributions of concentrate and feed 
in Fig. 14 and Fig. 11, respectively. Isolines display a separation degree 
of 25 %, 50 %, and 75 %.
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contains larger particles with a higher aspect ratio (Fig. 18). 
The appearance of particles in the concentrate with a lower 
aspect ratio increases with increasing particle size.

The two-dimensional separation (Fig. 19) shows several 
effects. Firstly, because the median separation isoline has a 
certain slope, the two-dimensional function is influenced 
by both parameters: size and aspect ratio. Secondly, the 
distance between the isolines for the separation degrees of 
25 %, 50 %, and 75 % is not constant; thus, the local sharp-
ness of the separation is not constant within the definition 
range of the separation function.

The marginal separation function for particle size looks 
very much like a normal one-dimensional size separation. 
It is therefore not always apparent from one-dimensional 
separation functions, if there is an influence of another pa-
rameter. In contrast, the marginal separation function for 
aspect ratio looks very much nonideal, hinting at the effect 
of another parameter.

In the upper right corner of the diagram, the separation 
function decreases and does not have a value of 1. This can 

Fig. 16 Particle property distributions of concentrate (left) and reject (right) for a two-step separation according to size and shape, one after the other.

Fig. 17 Separation function of a two-step separation consisting of a 
first separation according to size and a second separation step according 
to shape, i.e., aspect ratio. Isolines display a separation degree of 25 %, 
50 %, and 75 %.

Fig. 18 Reject (left) and concentrate (right) fractions for a (single step) multidimensional separation that depends on both particle shape and size.
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be a real property related to a decrease in the separation 
efficiency or an artifact, which derives from the fact that in 
that region the particle property distribution only contains a 
very small number of particles or does even contain no 
particles. The uncertainty of the separation function is also 
low in the lower right corner (large particle sizes and low 
aspect ratio), since that region does not contain many parti-
cles.

5. Application examples: two- and multi-
dimensional separation

5.1 Analysis of the performance of an air classifier 
for lithium battery recycling

An air classifier, as described by Kaas A. et al. (2022), 
was used to separate different material fractions from the 
recycling process of lithium-ion batteries. The mechanical 
recycling route results in cathode and anode foils being 
separated from other material fractions like cell housing, 
wiring, and separator foil (Werner et al., 2022). The result-
ing fractions from the separation experiments were ana-
lyzed using an RGB-camera system and two-dimensional 
image analysis techniques. The air classifier in this step 
was supposed to generate at different gas velocities several 

material fractions out of the crushed battery cell, where 
besides the electrode coatings, aluminum and copper are 
the main valuable materials (Kaas et al., 2023).

Fig. 20 shows the resulting two-dimensional partition 
curves for particle size and shape, taking solely aluminum 
and copper or all fractions into account. From the first par-
tition curve, aluminum results in the concentrate fraction 
within a specific variable area in the heat plot with rela-
tively coarse, slightly compacted or platy particles. The 
smaller, more compacted particles are aluminum housing 
particles (Fig. 20, left). From the second partition curve 
(Fig. 20, middle), it can be seen that copper reports to the 
concentrate over a wide variable area of size and shape, 
including small compacted particles and coarse particles 
with low circularity. The last map (Fig. 20, right) shows 
the overall partition values weighted by the general particle 
area. It can be found that particles, in general, report to the 
concentrate at a particle size of > 40 mm and a circularity 
of < 0.6. In summary, the graphs show that separating 
shredded and compacted aluminum and copper foils as one 
of the main separation tasks in battery recycling can be 
successfully conducted using an air classifier. However, 
small copper particles with a low circularity are problem-
atic, as they are recovered into the reject product stream. 
Actually, the dataset reflects a separation of a higher di-
mensionality than two-dimensional, since particle size, 
particle shape, and material composition are involved. To 
allow a consistent presentation of the results, no three- 
dimensional heat plots are used here.

5.2 Froth flotation
Froth flotation is a well-established and efficient pro-

cessing technique for the separation of fine particle frac-
tions. The method has gained attention in recycling 
applications recently (Vanderbruggen et al., 2021). It relies 
on the difference in particle wettability, i.e., hydrophobic 
particles attach to gas bubbles and are recovered in the 
froth, whereas hydrophilic particles remain suspended. 
Because of the complex interactions between the particles 
and the bubbles, further properties such as particle size, 
particle shape (Chen et al., 2022; Hassas et al., 2016; Koh 

Fig. 19 Separation function for a single step two-dimensional separa-
tion, with both particle shape and particle size having an effect on the 
separation process.

Fig. 20 Separation of crushed battery debris particles in a zig-zag air classifier; left separation function for aluminum; middle separation function 
for copper; right separation function for all materials.
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et al., 2009; Verrelli et al., 2014; Wang et al., 2015; Xia, 
2017), morphology, or composition affect the separation 
process as well. Therefore, generally speaking, the separa-
tion function of flotation is multidimensional. The size de-
pendence of flotation is caused by inefficient particle 
attachment due to the lack of inertia for fine particles (ap-
prox. < 10 μm) and caused by high particle detachment 
rates for coarse particles (approx. −>200 μm). Although 
this size dependence can be found for all material systems, 
the optimal particle size for flotation depends on additional 
properties such as particle density (Farrokhpay et al., 2021; 
Hassanzadeh et al., 2022).

The modified flotation cell used in this study was de-
signed specifically for the separation of particles below 
10 μm. It combines the advantages of a mechanical flota-
tion cell with a high particle-bubble collision rate (thus a 
high recovery) with those from a flotation column with a 
secondary fractionating effect due to its deep froth (thus a 
high grade). A schematic drawing of the newly designed 
MultiDimFlot cell is presented in Fig. 21, and more de-
tailed information can be found in literature (Wilhelm et 
al., 2023).

To investigate the influence of specific particle proper-
ties on the separation process, tailored mixtures of particle 
fractions with defined properties are used to evaluate, e.g., 
the influence of particle shape and size on the separation 
efficiency in flotation. The mixture consists of either glass 
spheres or glass fragments as the floatable particle fraction 
mixed with magnetite as the non-floatable particle fraction. 
The wettability of the glass particles is modified via an es-
terification reaction with alcohols before flotation, thus re-
sulting in glass particles with defined wettability states 
(C0—hydrophilic, C6—mildly hydrophobic, C10—
strongly hydrophobic) (Sygusch and Rudolph, 2021).

Because of the detailed characterization of the separation 
products, which involves. XRF (X-ray fluorescence), SEM, 

and SEM–EDX, information on particle size, shape and 
composition is available.

The separation results are plotted for the different parti-
cle systems as two-dimensional heat plots, highlighting 
particle-equivalent diameter and aspect ratio as the main 
particle parameters, since these are available per particle, 
i.e., particle-discrete in Fig. 22. The further parameters, the 
surface energy, i.e., the wetting properties of the glass, and 
the predominant particle shape are investigated and pre-
sented as a parameter study. The multidimensional separa-
tion functions differ between the spherical and the irregular 
glass particles significantly. The definition range, where the 
separation function has the value of one, i.e., where the 
particles are transferred to the concentrate, is larger for the 

Fig. 21 Schematic drawing of the newly designed MultiDimFlot sepa-
ration apparatus combining mechanical and column flotation. Adapted 
from Ref. (Sygusch et al., 2023) under the terms of the CC-BY 4.0 li-
cense. Copyright: (2023) The Authors, published by MDPI (Basel, 
Switzerland).

Fig. 22 Two-dimensional separation functions showing the combined influence of the shape (aspect ratio) and size (area-equivalent diameter) on the 
separation process; upper row: glass spheres and lower row: glass fragments. The hydrophobicity of the used glass particles increases from left to 
right (C0 = hydrophilic, C6 = mildly hydrophobic, C10 = strongly hydrophobic). Adapted from Ref. (Frank et al., 2023) under the terms of the CC-BY 
4.0 license. Copyright: (2023) The Authors, published by MDPI (Basel, Switzerland).
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predominant spherical shape of the feed (Fig. 22). The in-
fluence of the particle hydrophobicity is revealed when 
comparing separation functions of the same row, i.e 
spheres-C0 vs. spheres-C6 vs. spheres-C10, as the hydro-
phobicity of the glass particles increases from left to right 
in Fig. 22. It becomes visible that the sharpness of the 
separation increases along with the hydrophobicity of the 
spherical glass particles.

5.3 Beneficiation of a tin-bearing complex skarn 
ore

Recently, multiple research consortia have explored the 
extraction and beneficiation of the polymetallic Tellerhäuser 
deposit in Germany’s Erzgebirge area (Werner and Axel, 
2012). The deposit contains iron oxides, valuable sulfide 
minerals, and cassiterite, a crucial tin-bearing mineral that 
plays a significant role in its economic feasibility. Because 
of the high specific density of cassiterite (approx. 7 g/cm3), 
gravity separation is one of the most critical processing 
steps in a possible beneficiation flowsheet, whereas the 
significant content of iron oxides in the ore is separated by 
magnetic separation. Gravity separation tests for ore sam-
ples obtained from the Tellerhäuser deposit were performed 
on a laboratory scale using a falcon density separator. In a 
pilot plant test with 140 t of material, a drum-type magnetic 
separator was used to produce a magnetic concentrate.

Furthermore, a shaking table was used to separate cassit-
erite from lighter mineral phases (Pereira et al., 2021). For 
all cases, including the falcon separator, the shaking table 
and the drum-type magnetic separator, samples of the prod-
ucts were investigated using MLA, allowing for parti-
cle-based analysis of the separation process by calculating 
two-dimensional distributions based on kernel density esti-
mates. All three separation processes will be discussed in 
the following sections, showcasing the application of 
two-dimensional partition curves. The data for the pro-
cesses described here are available online (Schach et al., 
2021).

5.3.1 Magnetic separation in the pilot plant
In most magnetic separators, the electromagnetic charac-

teristics of a particle collective are superposed by the parti-
cle mass (Oberteuffer, 1974; Oder, 1976; Svoboda and 
Fujita, 2003). Separation of the iron oxide phases is essen-
tial to achieve a high-quality cassiterite concentrate 
(Buchmann et al., 2018). The iron oxides present in the ore 
primarily consist of magnetite and hematite (Kern et al., 
2019). Even though MLA can distinguish between magne-
tite and hematite using backscattered electron values 
(Figueroa et al., 2012), it cannot be employed in this 
study’s ore because of fluctuations in BSE values caused by 
varying amounts of Sn and other elements in the crystal 
lattice (Kern et al., 2018). As a consequence of the inability 
to easily differentiate between the iron oxide phases, the 

magnetic susceptibility of the particles cannot be calcu-
lated, and the iron oxide content in the particles is used as a 
proxy for the separation property.

A weak wet drum-type separator was installed in the pi-
lot plant. The diameter of the drum was 900 mm at a drum 
width of 300 mm. During operation, the volume flow of the 
feed suspension was adjusted to 1.5 m3/h with a solid con-
tent of 0.2 kg/m3, and the drum speed was set to 18 rpm. 
The partition curve based on the MLA data is depicted in 
Fig. 23. The graph shows that coarse particles (> 150 μm) 
with an iron oxide content of more than 0.2–0.3 report to 
the magnetic concentrate. At smaller particle sizes, the 
threshold content of iron oxides within a particle to be re-
covered into the magnetic product increases. At particle 
sizes below 50 μm, the separation becomes unsharp even at 
high iron oxide contents of 0.6–0.8, which is indicated by 
T-values in the range of 0.4–0.6.

This behavior might be explained by fine hematite parti-
cles in the ore that do not respond to the drum-type separa-
tor’s relatively low magnetic field density and gradient. 
Another explanation could be an inefficient extraction at 
such fine particle sizes due to agglomeration or slime- 
coating effects.

5.3.2 Gravity separation on a shaking table
Gravity separation technologies, with the exception of 

dense media separation, are fundamentally multidimen-
sional separation processes, where the effects of density, 
particle size, and particle shape often influence the separa-
tion efficiency (Burt and Mills, 1984), since drag forces and 
field forces interact. Density separation in this example was 
realized using a shaking table that produced four streams: 
one product stream with a high content of liberated dense 
cassiterite, iron oxides, and arsenopyrite (Product 1), a 
product stream mainly comprising iron oxides but also 
significant amounts of cassiterite (Product 2), a middling 
stream containing intergrown cassiterite, and finally a tail-
ing stream consisting of light mineral phases such as sili-
cates.

Fig. 23 Two-dimensional partition curve for the magnetic separation 
of a cassiterite ore.
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The particles on the shaking table are separated by den-
sity and size along the width of the table, with small and 
heavy particles collected at one end of the separator fol-
lowed by heavy-coarse particles and small-light particles 
contained in the middle of the shaking table. On the other 
end of the table, coarse-light particles are collected (Wills 
and Finch, 2016). The dimensions of the shaking table used 
in the pilot test is 3500 × 1500 mm. The volume flows of 
the feed suspension and the wash water were 0.3 m3/h and 
1.3 m3/h, respectively, and the solid content of the feed 
suspension was 700 kg/m3.

Fig. 24 shows a schematic of the used shaking table and 
the obtained streams. Based on MLA analysis, a mass-
weighted distribution over particle density and particle size 
is plotted in Fig. 25. It is noteworthy that, especially prom-
inent for the two product streams, the distribution shows 
distinct lines at certain density values representing the re-
spective liberated mineral phases, e.g., cassiterite with a 
density of about 7 g/cm3, iron oxides with a density of 
4–5 g/cm3, and arsenopyrite with a density of around 
6 g/cm3. Whereas product 1 mainly comprises particles 
below 100 μm with a significant concentration of cassiter-
ite particles, product 2 mainly contains iron oxide particles 
in larger size fractions. For the feed, middling and tailing 
stream, particles are distributed over a wider size range at 
low particle densities indicating light mineral phases such 
as silicates.

For the calculation of the two-dimensional Tromp curve 

depicted in Fig. 26, product 1 was defined as concentrate 
stream and all other products were summarized as the re-
ject. The graph shows that the shaking table has a cut point 
within the density range of 4–5 g/cm3.

However, at particle sizes below 25 μm, particles have a 
high probability to be recovered in the tailing stream inde-
pendent of their density. For particles within this size 
range, the shaking table is not able to effectively separate 
the minerals according to density and as a consequence fine 
cassiterite is lost in the reject in this application. Due to the 
brittle nature of cassiterite and its favorable enrichment in 
fine particle fractions, this behavior leads to unwanted 
losses of fine cassiterite.

5.4 Gravity separation in a Falcon separator
Gravity separation at laboratory scale with a Falcon 

Separator (Falcon L40 concentrator, Fig. 27) was used with 
500 g ore samples as feed material and a water flow of  
5 l/min. The riffled bowl of the separator rotated at a speed 
of 2300 rpm. Due to the resulting gravitational force, the 
heavy material was deposited in the riffles of the separator 
and scraped off at the end of the test. The light tailing ma-
terial was discharged continuously.

The resulting partition curve (Schach et al., 2019) for the 
falcon separator is presented in Fig. 28. Both particle  

Shaking Table

Middlings

Tailings

to Mill

Product 1 and 2

Fig. 24 Schematic of the shaking table with the respective product 
streams.

Fig. 25 Distributions for the feed and output streams of the shaking table over particle size and density.

Fig. 26 Partition map for the shaking table over density and size defin-
ing product 1 as concentrate and the remaining streams as reject, tailing 
stream respectively.
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properties—density and size—influence the partition of 
particles (Rao et al., 2003). It can be concluded that the 
separation process is rather dependent on the particle mass, 
resulting in higher inertia during separation, than solely on 
particle density or particle size (Nayak et al., 2021). Below 
a particle size in the range of 20–30 μm, the partition re-
mains low for all density values. In this size range, the 
separation device cannot effectively separate cassiterite 
from the light minerals due to, e.g., slime coating of the fine 
cassiterite particles on coarser silica particles. Here, the 
drag forces determine the movement of all particles.

5.5 Aerodynamic lens
A classifying aerodynamic lens can be used to fraction-

ate aerosols by particle size and particle density at the same 
time (Kiesler et al., 2019; Wang et al., 2005a, 2005b). The 
window of application of such a separation system depends 
on the flow regime and the geometry of the lens itself and 
is located in the upper nm range. The operation parameters 

allow the tailoring of the separation function, i.e., the prod-
uct received as concentrate.

Classifying aerodynamic lenses are orifices that constrict 
aerosol flow through a radially symmetric pipe. If the flow 
is laminar, and the starting position of a particle upstream 
of the lens is known, the end position downstream of the 
lens is a function of its specific relaxation time. Therefore, 
the feed is injected at a defined central position. The relax-
ation time is a function of different parameters, such as the 
pressure upstream of the lens, the flow rate through the 
lens, and the lens diameter, and it further depends on the 
particle properties, e.g., the particle size, shape, and den-
sity. In the setup discussed in Furat et al. (2020), the aerosol 
particles are injected into a laminar sheath gas flow at an 
off-axis position. Extracting aerosol downstream of the 
lens at a central position gives the separating aerodynamic 
lens a differential transfer characteristic, where only parti-
cles within a small range of particle properties such as size 
and solid density are collected. This becomes clearly visi-
ble in the two-dimensional plot for the separation function 
(Fig. 29), which has only a small and defined area of parti-
cle properties, where the separation function is one.

5.6 Hydrocyclone
The two-dimensional separation for plate-shaped parti-

cles having different aspect ratios has been discussed by 
Frank et al. for a hydrocyclone (Frank et al., 2023). The 
particle shape is assumed to be a flat regular cylinder with 
diameter d and thickness l. The separation efficiency pre-
sented uses a theoretical model that contains the shape de-
pendency by taking its dependency on the drag force into 
account. The separation function (Fig. 30) based on this 
model shows over a long range of the thickness l of the 
plates only a dependence on the particle diameter d, result-
ing in a vertical isoline similar to the discussion of the re-
spective ideal one-dimensional case in Fig. 9. The 
separation becomes two-dimensional with decreasing  

Fig. 27 Falcon separator: (a) experimental set up; (b) inner riffled bowl 
without material; (c) riffles filled with heavy material.

Fig. 28 Two-dimensional partition curve for the gravity separation via 
falcon concentrator. The line represents the cut function fitted to the 
points with a partition value of 50 %, displayed as points in the graph. 
Adapted with permission from Ref. (Schach et al., 2019). Copyright: 
(2019) Elsevier B.V.

Fig. 29 Two-dimensional separation function of an aerodynamic lens. 
Adapted with permission from Ref. (Furat et al., 2020). Copyright: 
(2020) Elsevier B.V.
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particle thickness. Below about 1 μm there is a significant 
dependency of the separation function on both parameters: 
diameter and plate thickness, which is indicated by a devi-
ation of the isoline from the ideal behavior of the one- 
dimensional case. Nevertheless, it can be stated that the 
hydrocyclone described by this model is predominantly a 
classification apparatus with only small capacities in two- 
or multidimensional separation. The effect of particle shape 
on the separation is not pronounced for the range of particle 
dimensions investigated. This might change for coarser 
particles. Real experiments to validate this model approach 
are still lacking.

5.7 Disc-stack centrifuge
Applying theoretical models for the separation efficiency 

by sedimentation, Frank et al. generated a two-dimensional 
separation function for a disc-stack centrifuge (Fig. 31) 
(Frank et al., 2023). As it is fundamentally known that the 
sedimentation velocity depends on the particle-equivalent 

diameter to the square as well as to the particle density 
difference between carrier media and solids, the multidi-
mensional separation probability can be plotted using these 
two influencing parameters. The results show a slight neg-
ative slope of the 50 % isoline in the separation function, 
which states that separation by size is the predominant ef-
fect and there is only a smaller influence of the particle 
density in this machine. Thus, the sedimentation in the 
disc-stack centrifuge still is a classification process with a 
certain contribution of the effect of equal settling velocity 
for small dense and large light particles.

5.8 High-gradient magnetic separation
Three commercially available, rare-earth-doped lamp 

phosphor particle collectives obtained from Leuchtstoffwerk 
Breitungen GmbH (Breitungen, Germany) were used. 
These included a cerium/terbium-doped lanthanum phos-
phate (LaPO4:Ce3+, Tb3+, LAP), a europium-doped barium 
magnesium aluminate (BaMgAl10O17:Eu2+, BAM), and a 
europium-doped yttrium oxide (Y2O3:Eu3+, YOX). Due to 
their rare earth content, the particles exhibit paramagnetic 
properties, with LAP having the highest magnetic suscepti-
bility at 3.69 × 10–3, followed by BAM at 1.19 × 10–3 and 
YOX at 0.516 × 10–3. Their use as illuminants and the asso-
ciated fluorescence of the compounds allowed for quantita-
tive analysis through fluorimetry.

For conducting fractionation experiments of the particle 
mixture, a fast protein liquid chromatography (FPLC) sys-
tem (ÄKTA purifier, Cytiva, Buckinghamshire, UK) 
equipped with polyetheretherketone (PEEK) tubing was 
employed. The schematic flow diagram in Fig. 32 illus-
trates the process of magnetic field-controlled chromatog-
raphy. A defined mixture of low salt (1a) and high salt (1b) 
buffer was pumped into the system, mixed (2), and injec-
tion pulses (V = 0.5 mL) were introduced to the fluid 
stream through an injection loop and valve (3). The mobile 
phase, along with the injected particle suspension, flowed 
onto the column, which was surrounded by an external 
magnetic field source (4) connected to a power supply (5). 
The effluent was then collected and separated into distinct 

Fig. 30 Theoretically deducted two-dimensional separation function 
for the separation of plate shaped cylindrical particles in a hydrocyclone. 
Adapted from Ref. (Frank et al., 2023) under the terms of the CC-BY 4.0 
license. Copyright: (2023) The Authors, published by MDPI (Basel, 
Switzerland).

Fig. 31 Theoretically deducted two-dimensional separation function 
for the separation of model particles being distributed in size and density 
in a disk-stack centrifuge. Adapted from Ref. (Frank et al., 2023) under 
the terms of the CC-BY 4.0 license. Copyright: (2023) The Authors, 
published by MDPI (Basel, Switzerland). Fig. 32 General flow diagram for the fractionation experiment.
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fractions at the outlet of the column using a fraction collec-
tor (6). Continuous monitoring of the process was per-
formed using an in-line UV/VIS cell at 280 nm.

The magnetic force induced between the paramagnetic 
particles and the magnetized chromatography matrix ele-
ments is influenced by the particle size as well as the intrin-
sic magnetic susceptibilities of the particles and the 
magnetic susceptibility of the surrounding fluid. Conse-
quently, when the susceptibility difference between the 
dispersed and continuous phases decreases, the magnitude 
of the magnetic force diminishes. Therefore, by dissolving 
paramagnetic salts such as manganese(II)-chloride in the 
continuous phase and employing various particle types 
with distinct magnetic susceptibilities, which prevent a 
continuous display of the two-dimensional degree of sepa-
ration (see Fig. 33), it is possible to deliberately adjust the 
magnetic susceptibility difference. However, the solubility 
of the salt in the solution constrains this approach. In the-
ory, by maintaining constant process parameters (such as 
flow rate and magnetic flux intensity), the size fractionation 
result can be altered by adjusting the salt concentration in 
the buffer.

6. Conclusions
Particle separation processes are, in most cases, influ-

enced by multiple particle properties such as size, shape, 
and composition. However, the conventional one- 
dimensional separation function or Tromp curve fails to 
capture the multidimensional distribution of particles and 
their effect on separation. Therefore, it’s crucial to account 
for and define the Tromp curve for the multidimensional 
space. Knowing the multidimensional property distribution 
of feed, concentrate, and reject, it is possible to define and 
express the multidimensional separation function in a for-
mal manner. This separation function has the same dimen-
sionality as the property distributions of the related material 
streams. Furthermore, it is possible to define characteristic 
values for a multidimensional property distribution, like 

the median particle size (x50, y50) and a median isoline, 
where the value of the separation function equals T(x, 
y) = 0.5. Several application examples and the discussion 
of model cases of the two-dimensional separation function 
show that multidimensional separation occurs in many ap-
plications and that it can be described, quantified, and dis-
cussed using the methods shown.
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Nomenclature
A area of plot (pixel2)
C index for concentrate (-)
c mass fraction of concentrate (kg/kg)
cio iron oxide content (kg/kg)
dA area-equivalent diameter (m)
i class index for first parameter (x) (-)
j class index for second parameter (y) (-)
m mass (kg)
mi mass of particle class i (kg)
qr density distribution weighted by quantity of dimension r 

(variable)
q3 volume-/mass-based density distribution (variable)
qres sum of density distributions, distribution of mixture 

(variable)
Q3 volume-/mass-based cumulative sum function (-)
ΔQ3,i,j volume-/mass-based fraction of particles in a two- 

dimensional distribution (-)
R index for retentate (-)
r mass fraction of retentate (kg/kg)
S index for supply, feed (-)
T separation function, partition value (-)
x particle size (equivalent diameter) (m)
xi upper particle size of a given class (m)
i
x   

 

[51] 

 average particle size of a given class (m)
Δxi particle size interval of a given class (m)
xmin minimum particle size of a distribution (m)
xmax maximum particle size of a distribution (m)
y second parameter, e.g., shape factor (variable)
μ integrating index for first parameter (x) (-)
ν mass fraction (kg/kg), integrating index for second pa-

rameter (y) (-)
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Synthesis of Functional Nanoparticles Using a Microreactor †
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Fine particles are widely used as intermediate and final products in 
industrial processes. Because particle properties are directly linked to 
the function and quality of the products, synthesizing monodispersed 
particles is a key technology. A microreactor, which comprises 
microchannels typically narrower than 1 mm, is a promising reaction 
tool because it offers excellent mixing and heat transfer performance. 
We used a microreactor for the synthesis of single-component and 
composite nanoparticles. This review introduces our synthetic results 
for functional nanoparticles including nickel, platinum–cobalt alloys, 
gold and silver nanoshells, patchy particles, core–shell clusters, and 
metal–organic frameworks. The microreactor we used is of the central-
collision type and exhibits a characteristic mixing time 100~1,000 
times shorter than that of the conventional batch mixing. The excellent 
mixing ability of the microreactor enables the synthesis of monodisperse particles in size and shape as well as core–shell particles with 
uniform shell thickness through instantaneous nucleation. More importantly, the microreactor realizes syntheses, which are not possible 
with batch reactors, by trapping reaction intermediates in a sequential reaction process and by rapidly changing the reaction temperature. 
These results demonstrate great advantages of using the microreactor for nanoparticle synthesis.
Keywords: microreactor, alloy nanoparticles, core–shell particles, metal–organic frameworks, nucleation, mixing time

1. Introduction
Fine particles are core materials in various industries, 

including chemistry, cosmetics, electronics, food, pharma-
ceuticals, photonics, and printing. Even if the final products 
are not in the particulate form, particles are contained in 
liquid and solid form products, including sunscreens, paint, 
and colored glasses, and they are involved in many prod-
ucts as intermediates in industrial processes. Notably, 
nanoparticles (NPs) play key roles in various applications, 
including electrode catalysts for fuel cells (Hou J. et al., 
2020), conductive pastes (Abhinav K V. et al., 2015), bio-
imaging (Wolfbeis O.S., 2015), and sensing devices (Saha 
K. et al., 2012). In these applications, particle properties are 
directly linked to the function and quality of the products, 
and accordingly, the synthesis of monodispersed NPs in 
size and shape is a crucial issue.

Among various synthetic processes of NPs reported so 
far, liquid-phase synthesis using chemical reactions is 
promising in terms of versatility in reaction conditions and 
ease of process handling (Fiévet F. et al., 2018; Wang D. 
and Li Y., 2011; Xia Y. et al., 2009). A general strategy for 
synthesizing monodispersed particles is to shorten the nu-

cleation period so that the particle growth period starts after 
the completion of nucleation. However, conventional 
batch-type synthesis often allows overlap between nucle-
ation and growth periods because of its weak mixing inten-
sity, which causes concentration distribution after mixing 
reaction solutions, resulting in the formation of particles 
with a wide size distribution. “Slowing reaction rates” is a 
possible solution because the effect of mixing becomes less 
significant, but typically leads to the formation of particles 
of submicrometer size or larger. In contrast, “quickening 
mixing rates” is a more direct and promising approach that 
is suitable for NP synthesis, which typically involves rapid 
reactions.

To achieve the latter approach, a microreactor is the first 
candidate because rapid mixing is a primary feature of mi-
croreactors (Yoshida J. et al., 2013). Microreactors com-
prise microchannels typically narrower than 1 mm, in 
which chemical reactions occur. Not only mixing ability 
but also heat transfer is excellent in microspaces, and ac-
cordingly exploiting these properties dramatically im-
proves the precision and efficiency of chemical reactions 
(Mae K., 2007). Microreactors with different architectures 
have been successfully applied to the synthesis of various 
types of NPs, including gold using a chip-based interdiffu-
sion microreactor (Wagner J. et al., 2004) and a chip-
shaped three-layer assembly (Wagner J. and Köhler J.M., 
2005), silver using a tubular (Lin X.Z. et al., 2004) and 
helical microreactors (Wu K.-J. et al., 2017), platinum us-
ing a droplet junction chip (Luty-Błocho M. et al., 2013) 
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and a spiral tubular microreactor (Suryawanshi P.L. et al., 
2016), palladium using a Y-junction microreactor (Sharada 
S. et al., 2016) and a slit interdigital microstructured mixer 
(Gioria E. et al., 2019), nickel using a T-shaped microreac-
tor (Xu L. et al., 2015), and silica in a slit interdigital mi-
crostructured mixer (Gutierrez L. et al., 2011). Not only 
single-component NPs and composite particles have been 
synthesized, including palladium@platinum core–shell 
nanoparticles using T-mixers (Hashiguchi Y. et al., 2021), 
gold nanoshells in microfluidic slug flow (Duraiswamy S. 
and Khan S.A., 2010), and patchy particles using a T-mixer 
(Meincke T. et al., 2017; Völkl A. and Klupp Taylor R.N., 
2022). Microreactors combined with acoustic waves to en-
hance mixing intensity, which are so-called acoustic micro-
reactors, have also been demonstrated to synthesize various 
types of NPs (Chen Z. et al., 2022). These synthetic results 
demonstrate the advantages of applying microreactors to 
NP synthesis.

Focusing especially on the excellent mixing ability of 
microreactors, we have been working on the synthesis of 
functional NPs such as nickel (Ni) and bimetallic alloy 
(Watanabe S. et al., 2021), nanoporous metal–organic 
frameworks (MOFs) (Fujiwara A. et al., 2021; Watanabe S. 
et al., 2017b), gold and silver nanoshells (Maw S.S. et al., 
2019; Watanabe S. et al., 2015), and patchy particles 
(Watanabe S. et al., 2016). Our concept is to achieve highly 
supersaturated conditions by quickly mixing reaction solu-
tions, thereby enabling instantaneous nucleation and subse-
quent growth. In this review article, we introduce our 
synthetic results using a microreactor.

2. Central-collision-type microreactor
The microreactor we used is a central-collision-type re-

actor (Nagasawa H. et al., 2005), which comprises three 
plates (inlet, mixing, and outlet plates), as illustrated in 

Fig. 1. Each of the two inlet fluids is divided into seven 
streams on the inlet plate (Fig. 1(B)), and the fourteen 
streams (seven from inlet A indicated by black circles and 
the other seven from inlet B indicated by black squares as 
illustrated in Fig. 1(C)) collide with each other into a single 
stream at the center of the mixing plate and then outflow 
from the outlet. We used the microreactor with fourteen 
streams because the mixing intensity was confirmed to in-
crease with the number of streams (Nagasawa H. et al., 
2005) and fourteen streams were almost the highest possi-
ble number in terms of channel geometry. The intensive 
collision breaks the fluids into small segments, thereby 
shortening the diffusion distance to achieve quick mixing.

We evaluated the mixing ability of the microreactor us-
ing a chemical test reaction (Watanabe S. et al., 2017a). We 
adopted the Villermaux–Dushman (VD) method (Ehrfeld 
W. et al., 1999; Fournier M.C. et al., 1996), which com-
prises parallel competing neutralization and redox reac-
tions. Because the neutralization reaction is much faster 
than the redox reaction, only the neutralization reaction 
would proceed under ideal mixing conditions. However, in 
the case of poor mixing, the mixed fluid is segregated, and 
accordingly, the redox reaction proceeds. Thus, the amount 
of the product from the redox reaction is a measure of the 
mixing intensity (smaller production indicates better mix-
ing). We obtained the mixing time from the VD experi-
ments following the procedure reported by Commenge et 
al. (Commenge J.-M. and Falk L., 2011). Fig. 2 shows the 
relationship between the mixing time tm and the flow rate. 
The increase in the flow rate shortens the mixing time of 
the microreactor, and a flow rate of 10 mL/min attains the 
shortest mixing time of 0.3 ms, which indicates that com-
plete mixing is achieved in 0.3 ms. For comparison pur-
poses, Fig. 2 also shows a series of mixing times of a 
Y-shaped mixer with an inner diameter of 1.5 mm. At the 

Syringe A

Syringe B

Inlet A

Inlet B

Mixing point

(A)

(B) (C)Inlet plate Mixing plate Outlet plate

From inlet A
From inlet B

Central-collision type microreactor

Fig. 1 Schematic illustrations of (A) experimental setup for nanoparticle synthesis, (B) central-collision-type microreactor (disassembly image), and 
(C) mixing plate. Adapted with permission from Ref. (Watanabe S. et al., 2017a). Copyright: (2017) Elsevier B.V.
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same flow rates, the mixing time of the microreactor is 
100~1,000 times shorter than that of the Y-shaped mixer, 
clearly demonstrating the advantage of the microreactor. 
Comparison of the microreactor with the Y-shaped mixer 
and batch-type reactor under the same Reynolds numbers 
from 300 to 1200 also confirmed the superiority of the mi-
croreactor in terms of mixing intensity. A short mixing time 
leads to a uniform reaction field with the desired concentra-
tion condition, thereby enabling the formation of mono-
disperse particles.

3. Synthesis of metallic nanoparticles
Metallic particles exhibit excellent chemical and physi-

cal properties, and are thus promising in various applica-
tions, including catalysts, electronics, photonics, sensing, 
and imaging (Xia Y. et al., 2009). Downsizing them to the 
nanoscale is crucial to fully exploit their properties. Here 
we focus on Ni, and Ni NPs with average diameters of 
3–10 nm have been synthesized by several techniques, in-
cluding a water-in-oil microemulsion technique (Chen 
D.-H. and Wu S.-H., 2000; Wu X. et al., 2012), an organo-
metallic approach (Domínguez-Crespo M.A. et al., 2009; 
Ely T.O. et al., 1999), and a polyol process (Couto G.G. et 
al., 2007; Eluri R. and Paul B., 2012; Wu S.-H. and Chen 
D.-H., 2003). However, these techniques rely on organic 

solvents and involve heating during the synthesis, which 
can be a problem in terms of environmental protection and 
energy consumption. Although aqueous syntheses have 
been reported (Chen D.-H. and Hsieh C.-H., 2002; Jiang Z. 
et al., 2013), the resultant size of Ni particles was larger 
(>10 nm) with wider size distributions than those synthe-
sized using organic solvents. Why is it so difficult to syn-
thesize monodisperse Ni NPs in aqueous systems? This is 
because the reduction reaction of Ni ions does not uni-
formly proceed due to insufficient mixing, and if this is the 
case, the central-collision-type microreactor is a suitable 
reactor to overcome this difficulty.

Fig. 3 shows the experimental setup for Ni NPs synthe-
sis, in which two microreactors are sequentially connected 
through a tube with varying lengths of 1, 3, 20, and 40 cm 
(Watanabe S. et al., 2021). Varying the tube length corre-
sponded to the change in residence times between the two 
microreactors (0.053, 0.16, 1.1, and 2.1 s). We first mixed 
aqueous solutions of NiCl2 and a surfactant (cetyltrimeth-
ylammonium bromide; CTAB). We used CTAB because it 
has been reported to serve as an effective capping agent 
suitable for the Ni NP synthesis (Wu S.-H. and Chen D.-H., 
2004). The premixed solution was mixed with a hydrazine 
(N2H4) aqueous solution in microreactor A, and the mixed 
solution from the outlet, which was directly injected into 
microreactor B, was mixed with a sodium hydroxide 
(NaOH) solution. The flow rate was set to 10 mL/min for 
each syringe using syringe pumps, and the synthesis was 
conducted at room temperature. In this sequential flow 
process, the following reaction scheme is assumed (Park 
J.W. et al., 2006). The reaction in microreactor A produces 
nickel–hydrazine complexes.
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Subsequent mixing with NaOH in microreactor B in-
duces a ligand exchange reaction to yield nickel hydroxide 
(Ni(OH)2) and N2H4.
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Ni(OH)2 was then reduced to zero-valent Ni by freed 
N2H4, followed by nucleation and growth to produce Ni 
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Fig. 2 Dependence of the characteristic mixing time (tm) estimated 
from the VD experiments on the flow rate for different mixing proce-
dures of the microreactor and Y-shaped mixer. Adapted with permission 
from Ref. (Watanabe S. et al., 2017a). Copyright: (2017) Elsevier B.V.
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Fig. 3 Schematic of the sequential flow process for the synthesis of Ni NPs. Reprinted from Ref. (Watanabe S. et al., 2021) under the terms of the 
CC-BY 4.0 license. Copyright: (2021) The Authors, published by Frontiers.
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NPs.
A typical synthetic result is presented in Fig. 4, where 

the residence time between microreactors A and B was set 
to 0.053 s. NPs with a sharp size distribution (3.8 ± 0.6 nm) 
were successfully formed, as confirmed by transmission 
electron microscopy (TEM) images and particle size distri-
butions (Figs. 4(A) and 4(B)). X-ray photoelectron spec-
troscopy (XPS) and powder X-ray diffraction (XRD) 
measurements demonstrated the formation of Ni NPs with 
face-centered cubic (fcc) crystal structures (Figs. 4(C) and 
4(D)). The synthesized Ni NPs were comparable to those 
synthesized using organic solvents in terms of average 
particle size and size distribution, demonstrating the excel-
lent performance of the microreactor that enables aqueous 
and room-temperature synthesis of Ni NPs. Note that the 
use of a Y-shaped mixer with a weaker mixing intensity in 
place of either microreactor A or B did not produce mono-
disperse Ni NPs, further demonstrating the importance of 
the instantaneous and homogeneous mixing provided by 
the microreactor for the synthesis of monodisperse NPs.

In this flow sequential process, the residence time be-
tween microreactors A and B was found to have a critical 
effect on the size distribution; a longer residence time re-
sulted in a wider distribution. This is closely related to the 
formation of nickel–hydrazine complexes. Ni ions are re-
ported to react with N2H4 molecules to form stable 
three-coordinate complex structures [Ni(N2H4)3]2+, by way 
of intermediate species with one- and two-coordinate struc-

tures [Ni(N2H4)]2+ and [Ni(N2H4)2]2+ (Gilbert E.C. and 
Evans W.H., 1951; Li Y.D. et al., 1999). A residence time of 
more than 2 s is assumed to be sufficiently long to allow the 
formation of stable three-coordinate complex structures 
before mixing with NaOH. In this case, the ligand ex-
change reaction would be slow, possibly because of the 
high activation energy required to replace N2H4 molecules 
with OH– ions (Eqn. (2)), which leads to a slow reduction 
and consequently results in a wide size distribution. In 
contrast, under residence times shorter than ca. 1 s, less 
stable intermediate species react with NaOH to quickly free 
N2H4 molecules through the ligand exchange reaction, 
thereby leading to a quick reduction of Ni ions. In this 
manner, for the formation of monodisperse Ni NPs, it is 
necessary to trap less stable intermediate complex struc-
tures so that they react with NaOH at microreactor B. To 
satisfy this requirement, precise control of the residence 
time, on the order of milliseconds, is critical, which is en-
abled by the excellent mixing performance of the microre-
actor.

The synthesis of bimetallic alloy NPs is also possible 
using a central-collision-type microreactor. We synthesized 
platinum (Pt)–cobalt (Co) alloy NPs by the simultaneous 
reduction of Pt and Co ions. We mixed a premixed aqueous 
solution of Pt and Co ions and polyvinylpyrrolidone (PVP, 
molecular weight of 1,300,000) with an aqueous solution 
of a strong reducing agent, NaBH4, in the microreactor 
(Fig. 1(A)). We opted for PVP for two reasons: firstly, it is 
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Fig. 4 Synthetic result of Ni NPs with a residence time of 0.053 s. (A) TEM image, (B) particle size distribution, (C) XPS result, and (D) XRD pat-
tern. In the XPS result, the peaks at 870 and 853 eV were attributed to Ni 2p1/2 and Ni 2p3/2, respectively, which appeared after Ar ion etching, possibly 
because the etching removed CTAB molecules surrounding the resultant particle surfaces. Reprinted from Ref. (Watanabe S. et al., 2021) under the 
terms of the CC-BY 4.0 license. Copyright: (2021) The Authors, published by Frontiers.
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widely used as a stabilizer for various metallic NPs, and 
secondly, being a nonionic polymer, it is suitable for inves-
tigating the effects of different metal precursors—details of 
which are discussed later. This choice prevents the dissolu-
tion of different ions from stabilizers. Fig. 5 presents TEM 
images, particle size distributions, and scanning TEM 
(STEM) and energy-dispersive X-ray (EDX) mapping im-
ages of the resultant particles synthesized using the micro-
reactor (Fig. 5(A)) and a batch reactor (Fig. 5(B)) for 
comparison, in which K2PtCl4 and CoCl2 were used as 
precursors. The microreactor produced NPs with a mono-
modal distribution, which is in contrast to batch reactor 
synthesis, which results in a wide size distribution with a 
rather bimodal shape. As shown in the STEM and EDX 
mapping images, in the case of the microreactor, Pt and Co 
elements were uniformly mixed in single particles to form 
solid solutions, whereas the batch reactor yielded segre-
gated structures composed of smaller (Co) and larger (Pt) 
NPs.

The results shown in Fig. 5 again demonstrate the im-
portance of the mixing process in NP synthesis because the 
mixing procedure (microreactor vs. batch reactor) is the 
only difference in the synthetic processes. The formation of 
segregated particles from the batch reactor can be ex-
plained as follows: because of the weak mixing ability of 
the batch reactor, a reaction solution immediately after 
mixing two solutions is non-uniform and has domains of 

the original solutions with different sizes. In this situation, 
reducing agents can be locally deficient relative to metal 
ions, and accordingly, Pt ions are preferentially reduced 
because of their lower ionization tendency than that of Co 
ions to promote the nucleation of Pt and subsequent 
growth. This results in the formation of larger Pt NPs. 
Consequently, the resultant particles exhibit segregated  
bimodal structures composed of larger Pt and smaller Co 
NPs. In contrast, complete mixing is achieved much faster 
in the microreactor, and the reaction solution is more uni-
form. In this homogeneously mixed solution, the reduction 
reaction of both Pt and Co ions simultaneously proceeds to 
produce Pt–Co solid solution alloys.

For the synthesis of Pt–Co solid solution alloy NPs, the 
choice of precursors was critical (Fig. 6). For a fixed Co 
precursor of CoCl2, the resultant particles were Pt–Co solid 
solution alloys when K2PtCl4 was used as a Pt precursor 
(Fig. 6(A)), whereas the use of H2PtCl6 resulted in the for-
mation of smaller NPs mainly composed of Pt as well as 
larger Pt–Co alloy NPs (Fig. 6(C)). We also used K2PtCl6 
and confirmed a similar result to that of H2PtCl6. A different 
Co precursor (Co(NO3)2) yielded similar results to those of 
CoCl2 (Figs. 6(B) and 6(D)). These results demonstrate 
that the valence number of Pt ions is more critical than the 
type of Co precursors and counter cations in Pt precursors; 
for synthesizing monodisperse Pt–Co alloy NPs, the use of 
PtCl4

2– ions is more desirable than PtCl6
2– ions. PtCl4

2– ions 
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Fig. 5 TEM image, particle size distribution, and STEM and EDX mapping images of Pt and Co bimetallic particles synthesized by (A) microreactor 
and (B) batch reactor. Reprinted from Ref. (Watanabe S. et al., 2021) under the terms of the CC-BY 4.0 license. Copyright: (2021) The Authors, pub-
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are directly reduced to zero-valent Pt, while PtCl6
2– ions 

follow a two-step sequential route by way of PtCl4
2– ions. 

Because the standard reduction potentials of PtCl6
2–/ 

PtCl4
2– and PtCl4

2–/Pt are similar (Jiang B. et al., 2015), the 
reduction reaction of PtCl6

2– ions would be slower than that 
of PtCl4

2– to have a rate difference in the reduction reaction 
of Co ions. Because of the difference in the reduction rate, 
PtCl6

2– is later reduced to produce smaller NPs with a main 
component of Pt. Therefore, matching the reduction rates 
of constituent metal ions is another key factor for synthe-
sizing solid solution alloy NPs.

4. Synthesis of metallic shells and patches
Core–shell-type particles with metallic shells and dielec-

tric cores, or so-called metallic nanoshells, are quite prom-
ising for optical and biomedical applications because of 
their tunable surface plasmon resonances (Yang W. et al., 
2019). Not only metallic nanoshells but also core–shell 
clusters (CSC; core particles uniformly covered with 
nanoparticles) and patchy particles (core particles partially 
covered with shell portion) exhibit attractive optical prop-
erties due to discreteness and/or anisotropy in the particle 
structure (Han J.H. et al., 2022; Mühlig S. et al., 2011). 
What is intriguing about these composite particles is that 
they not only possess multiple different properties, which is 
impossible with single-component particles, but also 
demonstrate peculiar characteristics due to synergetic ef-

fects, interfacial properties, and morphologies of core and 
shell materials. However, because of the complexity of 
their structures, the synthesis of these structured particles is 
generally not straightforward, and typically requires multi-
ple steps and/or templates. In core–shell-type particle syn-
thesis, controlling reactions on core particle surfaces is a 
major difficulty. It is generally challenging to promote re-
actions selectively at interfaces because reactions in the 
bulk phase can proceed in parallel, especially when reac-
tions are quick.

Here, we take gold nanoshells as an example. A typical 
synthetic method is seed-mediated growth, which com-
prises three steps: surface modification of core silica parti-
cles, gold NP decoration of the modified silica surface as 
“seeds” to form CSCs, and growth of gold NP seeds into a 
shell by the reduction of gold ions (Oldenburg S.J. et al., 
1998). Although this method allows good control in the 
shell thickness, it takes a long time, often on the order of 
days, to complete the preparation process. The bottleneck 
step is the CSC formation process, in which gold NPs are 
separately prepared by the reduction of gold ions, aged for 
a certain period of several days, and then mixed with a 
suspension of surface-modified silica particles to proceed 
with the adsorption of gold NPs on the modified silica sur-
face, followed by the separation of unattached gold NPs 
(Rasch M.R. et al., 2009). Most of the syntheses of gold 
nanoshells are conducted in batch-type processes, and the 
intrinsic weak mixing ability of batch reactors is one of the 
reasons for the requirement of the multistep time- 
consuming procedure in the CSC formation process. This 
leads to the idea of using a microreactor to simplify and 
intensify the CSC formation process.

Our concept to achieve a one-step process for CSC for-
mation was to simply use the principle that, under an ide-
ally uniform reaction field, heterogeneous nucleation at 
interfaces is energetically more favored than homogeneous 
nucleation in the bulk phase. Following this concept, we 
mixed a premixed aqueous suspension of surface-modified 
silica particles and HAuCl4 with an aqueous solution of 
NaBH4 in a central-collision-type microreactor (Fig. 1(A)) 
(Watanabe S. et al., 2015). The surface modification of sil-
ica particles was conducted by using 3-aminopropyl trime-
thoxysilane to positively charge the particle surface. 
Figs. 7(A) and 7(B) present typical TEM images of the 
resultant particles, in which the core silica particles are 
uniformly decorated with monodisperse gold NPs. In our 
TEM measurements, we observed no unattached free gold 
NPs, indicating the preferential formation of gold NPs on 
the surface of core silica particles. In contrast, the use of a 
batch reactor and Y-shaped mixer (inner diameter of 
1.5 mm) instead of the microreactor resulted in non-uni-
form deposition of gold NPs with wide size distributions, 
as shown in Figs. 7(C) and 7(D). Another feature of 
Figs. 7(C) and 7(D) is that the gold NP coverages of  
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Fig. 6 EDX mapping images of Pt and Co bimetallic particles synthe-
sized from different combinations of precursors of (A) K2PtCl4 and 
CoCl2, (B) K2PtCl4 and Co(NO3)2, (C) H2PtCl6 and CoCl2, and (D) 
H2PtCl6 and Co(NO3)2. Reprinted from Ref. (Watanabe S. et al., 2021) 
under the terms of the CC-BY 4.0 license. Copyright: (2021) The Au-
thors, published by Frontiers.
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individual resultant CSCs are remarkably different between 
a state almost devoid of NPs and that with full decoration. 
Therefore, gold NP seeding through the in situ reduction of 
gold ions requires intensive mixing provided by the micro-
reactor.

The in situ reduction of gold ions described above pro-
duced core silica particles uniformly decorated with gold 
NPs, which is possibly attributable to the use of a strong 
reducing agent, NaBH4, which induced a rapid increase in 
the degree of supersaturation to produce many small nu-
clei. Based on this discussion, the use of a weaker reducing 
agent would lead to the formation of patchy particles. We 
accordingly used ascorbic acid as a reducing agent instead 
of NaBH4, and as expected, we successfully obtained 
patchy particles (Fig. 8(A)) (Watanabe S. et al., 2016). 
Core particles are partially covered with gold patches with 
a dendritic shape (Fig. 8(B)), which is quite a contrast to 
the CSCs obtained using NaBH4. Meanwhile, the batch-
type reactor produced particles with a larger variation in the 
number of patches than the microreactor, as shown in 
Fig. 8(C). These results demonstrate that even though a 
weaker reductant was used, the reduction reaction re-
mained so rapid that intensive mixing by the microreactor 
was still necessary to obtain uniform patchy particles.

Based on these results, we propose possible formation 
mechanisms of CSCs and patchy particles, schematic rep-
resentations of which are shown in Fig. 9. Before starting 
the reduction reaction in both cases, it is reasonable to as-
sume that negatively charged gold complex ions form 
electric double layers by crowding around surface- 
modified silica particles with positive charges, as depicted 
in Fig. 9(A)-(i). For CSC formation, upon mixing with a 
strong reducing agent, NaBH4, the reduction of gold ions 
quickly proceeds to increase the degree of supersaturation 
of the reduced gold atoms. Due to the formation of electric 

double layers, the degree of supersaturation is higher in the 
vicinity of the particle surface than that of the bulk solu-
tion, thus leading to increased nucleation at the interface. 
Because gold NPs are negatively charged, they are stabi-
lized on the surface of the surface-modified silica particles, 
which facilitates heterogeneous nucleation (Fig. 9(A)-(ii)). 
The nuclei formed on the silica particle surface grow larger 
through the diffusion of reduced gold atoms remaining in 
the vicinity of the core silica particles to complete the for-
mation of CSCs (Fig. 9(A)-(iii)). In the case of ascorbic 
acid with a weak reducing ability, the degree of supersatu-
ration is lower than that of NaBH4; accordingly, a much 
fewer number of nuclei are formed on the core particle 
surface (Fig. 9(B)-(i)). In the subsequent growth process, 
the surface diffusion of reduced gold atoms along the core 
particle surface is dominant over that from the bulk phase 
because of the higher concentration of gold ions forming 
electric double layers (Fig. 9(B)-(ii)). Because the surface 
reaction of the patches is assumed to be quick, the growth 
reaction proceeds under diffusion-limited conditions. In 
this case, the protruding portions of patches preferentially 
grow, resulting in dendritic structures (Fig. 9(B)-(iii)).

According to this mechanism, not only the supply rate of 
gold, which is affected by the gold ion concentration and 
the reducing ability, but also the zeta potential of core par-
ticles is a critical factor for the resultant structure because 
the zeta potential dominantly determines the affinity with 
negatively charged gold ion complexes. To change the zeta 
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Fig. 7 Representative TEM images of CSCs prepared (A,B) with the 
microreactor, (C) with a batch reactor, and (D) with a Y-shaped mixer. 
Adapted with permission from Ref. (Watanabe S. et al., 2015). Copy-
right: (2015) Wiley.
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Fig. 8 Representative TEM images of patchy particles prepared (A,B) 
with the microreactor and (C) with a batch reactor. Adapted with per-
mission from Ref. (Watanabe S. et al., 2016). Copyright: (2016) Elsevier 
B.V.
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potential and the supply rate, we used trisodium citrate, 
which has a much weaker reducing ability. The zeta poten-
tial of core silica particles decreased under higher pH con-
ditions of a trisodium citrate solution. Under an increased 
temperature of 95 °C, we obtained “snowman-like” parti-
cles in which a gold NP with a diameter of approximately 
30 nm was deposited on a core silica particle (Watanabe S. 
et al., 2016). The formation of these particles occurs be-
cause the use of a far weaker reducing agent highly sup-
pressed nucleation and because the lowered zeta potential 
allowed diffusion from the bulk phase to form spherical 
patches. In this manner, the coating structure of the core 
silica particles can be manipulated by the supply rate of 
gold and the interaction between the core particles and gold 
ions.

Growing gold NP seeds from a CSC into a continuous 
shell leads to the formation of gold nanoshells. In the ex-
periment, we mixed a premixed aqueous suspension of 
CSCs and gold ions with an aqueous solution of a reducing 
agent in a central-collision-type microreactor (Fig. 1(A)). 
Gold ions were obtained by preaging a HAuCl4 solution 
with K2CO3, which is referred to as K-gold. In the shell 
growth process, the use of NaBH4 as a reducing agent did 
not produce complete shells; seed gold NPs grew larger, 
although gold NPs newly formed in the bulk solution phase 
before completing shell formation (Watanabe S. et al., 

2013). This is possibly because the energy barrier to 
self-nucleation in the bulk phase can be easily surmounted 
by the strong reducing ability of NaBH4. We accordingly 
used a weaker reducing agent, ascorbic acid, and success-
fully synthesized complete gold nanoshells without self- 
nucleation in the bulk phase (Fig. 10(A)) (Watanabe S. et 
al., 2015). The shell thickness varied from 17 nm to 50 nm 
by changing the concentration of K-gold. In contrast, the 
use of a Y-shaped mixer (inner diameter of 1.5 mm) instead 
of the microreactor resulted in a mixture composed of un-
reacted particles (CSCs; the upper right particle in 
Fig. 10(B)), particles in the process of growing (the lower 
left particle in Fig. 10(B)), and gold nanoshells (the cen-
tered particle in Fig. 10(B)). The batch reaction also failed. 

200 nm

(A)(A)

100 nm

(B)(B)

Fig. 10 Representative TEM images of the resultant particles after the 
shell growth reaction using (A) the microreactor and (B) a Y-shaped 
mixer. Adapted with permission from Ref. (Watanabe S. et al., 2015). 
Copyright: (2015) Wiley.
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Fig. 9 Schematic of possible formation mechanisms of (A) CSCs and (B) patchy particles through the in situ reduction of gold ions. Adapted with 
permission from Refs. (Watanabe S. et al., 2015) and (Watanabe S. et al., 2016) for (A) and (B), respectively. Copyrights: (2015) Wiley and (2016) El-
sevier B.V.
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These results are similar to the case of the formation of 
CSCs and patchy particles, thereby demonstrating that 
strong mixing by the microreactor is necessary for the 
synthesis of uniform gold nanoshells. By using AgNO3 
mixed with ammonia instead of K-gold and formaldehyde 
as a reducing agent, silver nanoshells can be synthesized 
(Fig. 11) (Maw S.S. et al., 2019), demonstrating the versa-
tility of the synthetic process using a microreactor.

Taking advantage of the flow processes, we combined 
the synthetic processes for CSCs and gold nanoshells into a 
sequential process (Fig. 12(A)). A premixed suspension of 
surface-modified silica particles and HAuCl4 was mixed 
with NaBH4 in the first microreactor to produce CSCs, 
followed by mixing with K-gold in a Y-shaped mixer. The 
mixed suspension from the Y-shaped mixer was directly 
injected into the second microreactor to react with ascorbic 
acid to yield gold nanoshells. Residence times between the 
first microreactor and the Y-shaped mixer and between the 
Y-shaped mixer and the second microreactor were set to be 

2 s and 1 s, respectively, which are considerably longer 
than the mixing times (~0.3 ms for the microreactor and 
~50 ms for the Y-shaped mixer). This attempt was success-
ful because uniform gold nanoshells were synthesized 
without the formation of gold NPs in the bulk solution 
phase, as shown in Figs. 12(B) and 12(C) (Watanabe S. et 
al., 2015). Our sequential flow process not only enables a 
high throughput of 60 mL/min compared with typical mi-
crofluidic systems but also reduces tedious efforts such as 
post-synthetic washing steps to remove free unattached 
gold NPs. For the silver nanoshell synthesis, a sequential 
flow process similar to the case of the gold nanoshells was 
attempted but resulted in the formation of free silver NPs, 
possibly because silver ions were reduced by the remaining 
NaBH4 after the CSC formation reaction. To deactivate 
NaBH4, we found that a longer residence time of ~30 min 
between the CSC formation and the shell growth reactions 
was necessary, and with that setting of a long residence 
time, the flow sequential synthesis of silver nanoshells is in 
principle possible. This type of flow sequential process 
enables the facile and scalable synthesis of metallic 
nanoshells and is accordingly promising for industrial ap-
plications in various fields.

5. Synthesis of nanoporous particles
MOFs are emerging nanoporous crystals with attractive 

features, including large surface area, highly regular and 
tunable pore structure, and structural flexibility inherent to 
specific types of MOFs (Furukawa H. et al., 2013; 
Kitagawa S. et al., 2004). In contrast to most conventional 
adsorbents, such as carbon-based materials and zeolites, 
which are rigid and typically yield type I isotherms, the 
structural flexibility of such MOFs is particularly intrigu-
ing because their crystal structures transform in response to 
external stimuli, leading to peculiar adsorption behaviors 
(Horike S. et al., 2009). Because the peculiar adsorption 
behaviors are particle size- and shape-dependent (Ehrling 
S. et al., 2021), controlling the size and shape of MOF 
particles is an important technology for the practical use of 
MOFs, and if the mixing matters in the synthetic processes 
of MOFs, the microreactor is believed to contribute to the 
development of the technology.

As a model MOF system, we focused on the zeolitic 
imidazolate framework-8 (ZIF-8), which comprises zinc 
ions and 2-methylimidazole (2-MIM) linkers (Park K.S. et 
al., 2006). Although solvothermal syntheses are popular, 
we selected an environmentally friendly aqueous synthesis 
process. In the experiment, we mixed aqueous solutions of 
Zn(NO3)2 and 2-MIM in a central-collision-type microre-
actor (Fig. 1(A)) (Watanabe S. et al., 2017b). The mixed 
solution turned turbid within 1 min after being collected 
from the outlet in a vial. The mixture was allowed to stand 
for 1 h. Fig. 13 shows the SEM image and XRD patterns of 
the resultant particles synthesized at room temperature. 

100 nm 100 nm

(B)(B)(A)(A)

Fig. 11 (A) TEM and (B) STEM-EDX mapping (Si: red, Ag: green) 
images of the resultant silver nanoshells synthesized using the microre-
actor. Adapted with permission from Ref. (Maw S.S. et al., 2019). 
Copyright: (2019) Elsevier B.V.

200 nm 50 nm

(B)(B) (C)(C)

Surface-modified SiO2

(A)

+ HAuCl4

Ascorbic acid

K-Gold

shaped mixer
Microreactor

Microreactor

NaBH4
Y-

Fig. 12 (A) Schematic of the experimental setup for the sequential 
flow synthesis of gold nanoshells from surface-modified silica particles. 
(B,C) TEM images of the resultant gold nanoshells. Adapted with per-
mission from Ref. (Watanabe S. et al., 2015). Copyright: (2015) Wiley.
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The average diameter of the resultant particles in Fig. 13(A) 
is 434 ± 94 nm with chamfered cubic (CC) shapes com-
posed of square and hexagonal faces. The measured XRD 
pattern (denoted as “434 nm, CC”) agrees fairly well with 
the simulated pattern for ZIF-8 (Moggach S.A. et al., 
2009), demonstrating the successful formation of ZIF-8 
particles. The combinations of the concentration of Zn 
ions, concentration ratio ([2-MIM]/[Zn2+]), and reaction 
temperature varied the particle size from 51 nm to 1.8 μm 
and the shape from cubes to CC to rhombic dodecahedron 
(RD). All of those resultant particles were ZIF-8, as con-
firmed by the agreement of the XRD patterns with the 
simulated pattern (Fig. 13(B)). The results indicate that the 
concentration conditions determine the particle size, 
whereas the reaction temperature defines the particle shape.

The microreactor produced ZIF-8 particles with a 
sharper size distribution than those synthesized using the 

batch-type reactor, although the total synthetic period was 
1 h, which was much longer than the mixing time. This re-
sult is because instantaneous nucleation occurred immedi-
ately after quick and homogeneous mixing in the 
microreactor, which enabled uniform particle growth after 
collection in a vial. Furthermore, the results also indicate 
that the reaction conditions in the microreactor govern nu-
cleation, and the temperature in the vial after mixing con-
trols the growth process. Therefore, we developed a 
concept of setting different temperatures in the microreac-
tor and vial to further control the ZIF-8 particle size and 
shape. In the experiment, we set the temperature of the 
microreactor to 5 °C, rapidly increased the temperature of 
the mixed solution to 80 °C using the central-collision-type 
microreactor as a microchannel heat exchanger, and col-
lected the heated solution in a vial immersed in a water bath 
maintained at 80 °C (Fig. 14(A)). The size and shape of the 
resultant particles were 410 ± 86 nm and rhombic  
dodecahedron, respectively, as shown in Fig. 14(B). The 
resultant size was almost identical to that synthesized at a 
temperature of 5 °C throughout the entire synthetic pro-
cess, but the resultant shape was different (cube at 5 °C). 
This result demonstrates that the mixing process in the mi-
croreactor governs the particle size, whereas the aging 
process in the vial determines the particle shape. It also 
exhibits the possibility of separate control of the ZIF-8 
particle size and shape by setting different temperatures 
during nucleation at the microreactor and growth in the 
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Fig. 13 Synthesis results for ZIF-8 particles using the microreactor. 
(A) Typical SEM image of the resultant particles and (B) measured XRD 
patterns of ZIF-8 particles of various sizes and shapes. Adapted with 
permission from Ref. (Watanabe S. et al., 2017b). Copyright: (2017) El-
sevier B.V.
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Fig. 14 (A) Schematic illustration of the experimental setup with dif-
ferent temperatures set in the microreactor and vial using a micro-heat 
exchanger. (B) SEM image of the ZIF-8 particles prepared at a tempera-
ture of 5 °C in the microreactor, followed by rapid temperature increase 
up to 80 °C. Reprinted with permission from Ref. (Watanabe S. et al., 
2017b). Copyright: (2017) Elsevier B.V.
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vial. We emphasize that the rapid temperature change was 
realized by taking full advantage of the characteristics of 
the flow microreactor process, which would not be possible 
with batch reactors.

Further functionalization of ZIF-8 particles is possible 
by encapsulating them in another nanoporous material to 
form core–shell structures. As a shell material, we used 
ZIF-67, which is a structural analog of ZIF-8 with cobalt 
ions instead of zinc ions (Banerjee R. et al., 2008). Because 
of the crystal structure similarity, seamless growth of ZIF-
67 shells was expected on core ZIF-8 particles. In the ex-
periment, we mixed a methanol solution of Co(NO3)2 with 
a premixed methanol suspension of ZIF-8 particles and 
2-MIM in the central-collision-type microreactor, collected 
the reaction suspension in a vial, and allowed it to stand for 
1 h (Fujiwara A. et al., 2021). We used methanol as the 
solvent instead of water because ZIF-8 crystals partly dis-
solve in water. Typical synthetic results are displayed in 
Fig. 15. Polyhedral particles were obtained (Fig. 15(A)), 
and the STEM-EDX mapping image showed that Zn do-
mains were covered with Co domains in single particles 

(Fig. 15(B)), demonstrating the successful synthesis of 
ZIF-8@ZIF-67 core–shell particles. The ZIF-67 shell 
thickness increased from 32 nm to 66 nm with decreasing 
the core particle concentration (Figs. 15(C)–(E)). This was 
possibly because an increased number of Co ions was used 
for the formation of shells per core particle. Furthermore, 
the shell thickness was found to be uniform because the 
particle size distributions simply shifted to larger sizes with 
coefficient of variance (CV) values remaining almost un-
changed after the shell formation reaction (Figs. 15(F)–
(H)), whereas the size distribution of the ZIF-8@ZIF-67 
particles synthesized using the batch reactor was much 
wider. In addition, no single-component ZIF-67 particles 
were observed during microreactor synthesis. These results 
were attributable to the uniform reaction field provided by 
the microreactor, which facilitated the uniform distribution 
of Co ions around the core ZIF-8 particles during the shell 
formation reaction, thereby demonstrating that rapid and 
homogeneous mixing was critical to realize uniform shell 
thickness.

By using ZIF-67 particles as the core material and 
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Zn(NO3)2 as the shell source, a swapped structure of  
ZIF-67@ZIF-8 core–shell particles can also be synthesized 
using the same synthetic procedure. Furthermore, by re-
peating the formation processes of the ZIF-67 and ZIF-8 
shells, more complex ZIF-8@ZIF-67@ZIF-8@ZIF-67 
multilayered structures can be obtained (Fig. 16). Zn and 
Co domains alternately formed shells of similar thickness 
in a single particle. Because shell formation is initiated by 
a universal heterogeneous reaction on the core surface, our 
technique can be extended to the synthesis of “mixed” 
MOFs with three or more components, aiming at further 
functionalization of the resultant composites.

6. Conclusions
In this review, we introduced the synthesis of functional 

NPs, including single-component Ni, Pt–Co alloys, gold 
and silver nanoshells, patchy particles, CSCs, and 
nanoporous MOF particles and their core–shell derivatives, 
using a central-collision-type microreactor. In the case of 
quick reactions, where the mixing process is often a 
rate-controlling step, the use of a microreactor with excel-
lent mixing performance is demonstrated to be effective in 
synthesizing uniform particles in size, shape, and shell 
thickness. The microreactor is mobile and enables the on-
site and on-demand syntheses of functional NPs. Another 
advantage of the microreactor is its high reproducibility in 
contrast to conventional batch syntheses, which sometimes 
suffer from poor reproducibility. A key factor is the relative 
rate of mixing to the reaction. By adjusting the mixing in-
tensity by the flow rate and reactor geometry according to 
the reaction rates, synthetic processes can be further opti-
mized in terms of throughput and energy consumption. We 
hope that this review conveys the advantages of the micro-
reactor and accelerates its industrial use for the precise 
synthesis of functional NPs.

Nomenclature
CC Chamfered cube
CSC Core–shell cluster

CTAB Cetyltrimethylammonium bromide
CV Coefficient of variance
EDX Energy-dispersive X-ray
fcc Face-centered cubic
MOF Metal–organic framework
NP Nanoparticles
PVP Polyvinylpyrrolidone
RD Rhombic dodecahedron
STEM Scanning transmission electron microscopy
TEM Transmission electron microscopy
VD Villermaux–Dushman
XPS X-ray photoelectron spectroscopy
XRD Powder X-ray diffraction
ZIF Zeolitic imidazolate framework
tm Mixing time (s)
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Custom-made nanomaterials are indispensable in the production of high-value 
goods in almost any industry. For many applications, materials with defined 
functional contacts on the nanoscale between different components are crucial. In 
heterogeneous catalysis, active nanoparticles are often dispersed on a support, and 
defined interfaces facilitate the stabilization of the active materials. This leads to 
strong metal-support interactions (SMSI), which determine the activity and 
selectivity of the catalytic reactions. In photocatalysts, hetero-contacts can 
significantly reduce electron–hole recombination after light excitation, leading to 
improved photoefficiency. By choosing materials with appropriate band levels, the 
redox window can be tuned for a specific reaction. In batteries, mixing the active 
material and carbon leads to improved electrochemical characteristics. All these 
applications have in common that different nanomaterials need to be mixed at the 
nano-level with defined interfaces. This review highlights the most suitable routes 
for gas-phase synthesis of particle heteroaggregates, their modeling, and their 
applications.
Keywords: double flame spray pyrolysis, aerosol mixing, heteroaggregates, 
heterojunctions, charge transfer

1. Introduction
Various synthesis techniques are possible to produce 

highly defined particle mixtures at the nanoscale 
(Minnermann et al., 2011; 2013). These can be broadly 
distinguished in processes where readily produced nanopar-
ticles are mixed in the liquid phase (Grossmann, 2017; 
Grossmann et al., 2015; Shi and Russell, 2018). To mix 
these two dissimilar nanoparticles in the liquid, the 
break-up of agglomerated and even aggregated nanoparti-
cles needs to be achieved, e.g., by milling, dispersion in a 
sonic nozzle, or ultrasonification of nanoparticles in liquid 
(Wang et al., 2015). In the second step, a heat treatment 
process leads to the formation of interfaces in a single step 
during solid-state particle synthesis (Yu et al., 2021). In 
well-known wet-chemical approaches, such as sol–gel, 
precipitation, or incipient wetness techniques, the forma-
tion of an interface is achieved by modifying the tempera-
ture, pressure, solvent composition (Munnik et al., 2015). A 
major drawback of wet-chemical approaches is achieving 

good crystallinity and the requirement of additional calci-
nation/heat treatment steps for the modification of the ma-
terial interface (Sun et al., 2015; 2016). Gas-phase 
preparation, especially coupled with high-temperature 
synthesis of nanoparticles, offers a scalable, single-step al-
ternative to established wet-chemical synthesis routes 
(Lovell et al., 2019; Pokhrel et al., 2013). A promising 
technique for designing such heterointerfaces is the double 
flame spray pyrolysis (DFSP) approach (Gäßler et al., 
2022; Stahl et al., 2021). Here, nanoparticle components 
are synthesized in two individual flame sprays that are 
mixed at a certain distance above the burners (Kim et al., 
2016; Wang et al., 2013). Parameters such as nozzle dis-
tances, air entrainment rate, turbulence of the mixing jets, 
and temperature distribution are important for controlling 
the mixing process (Minnermann et al., 2011; 2013). 
High-temperature gradients in the process from ~2800 °C 
in the flames to almost room temperature in just a few 
milliseconds and lateral scales of millimeter lead to highly 
crystalline primary particles (Balakrishnan et al., 2021; Li 
et al., 2020; Pokhrel et al., 2023). Gas-phase synthesis of 
multicomponent nanomaterials has huge potential, but a 
review of different gas-phase mixing approaches is still 
lacking.

In this contribution, we discuss the routes and process 
parameters for determining aggregation in gas-phase  
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mixing processes. Here, computational fluid dynamics 
(CFD) simulations coupled with discrete element methods 
(DEM) or population balance methods (PBM) that can 
simulate interface formation between nanoparticles in the 
gas phase are discussed. Techniques for experimentally 
determining the mixing state of multiple particles are intro-
duced. Currently, different communities studying gas-
phase mixing of nanomaterials often use different 
definitions, leading to possible misunderstandings. Thus, 
the review will recommend some unification and common 
definitions for core concepts such as interfaces, heteroag-
gregates, (functional) hetero-contacts/junctions, and even 
aggregation. Applications of heteroaggregates designed 
using double flame spray pyrolysis are discussed, validat-
ing that gas-phase mixing research serves as a common 
reference point for the future. Heterojunctions in aggre-
gates are created by physically mixing dissimilar particles 
such as A and B or directly nucleating one dissimilar parti-
cle on the other during the synthesis process. The number 
density of the hetero-contacts and their distribution deter-
mine the reaction kinetics, adsorption sites, and reaction 
centers (Lovell et al., 2019). In addition to the chemical 
composition of the particles, the shape and surface mor-
phology of the heteroaggregates are key to the overall ma-
terial performance.

2. Gas-phase in situ mixing to design 
heteroaggregates

An aggregate confines multiple, and chemically tight, 
sintered primary particle—a characteristic property of gas-
phase synthesized materials (Eggersdorfer et al., 2012). 
The degree of mixing indicates the number density of hetero- 
contacts between different dissimilar particles and is  
abundant when all particles are bonded via hetero-contacts. 
The high thermal gradient due to radiation, evaporation, 
and collision of the saturated aerosol stream (particle clus-
ters/nuclei) allows efficient particle mixing. Feng et al. 
(2015; 2016) described continuous gas-phase synthesis us-
ing lasers or electric discharge to produce vapor through 
material ablation. The vapor was quenched using an inert 
gas co-flow. While supersaturation is realized in such 
quenched vapor, the critical nucleus size is reduced to the 
atomic scale, causing strong coagulation and particle 
growth. A key paradigm is singlets, i.e., single particles 
grow from clusters to sizes up to a few nanometers, form-
ing primary particles in aggregates. In another report, 
Voloshko et al. (2015) studied the particle formation pro-
cess in spark discharge and nanosecond- (ns-)laser abla-
tion, focusing on the plasma influence on particle formation. 
In both techniques, Cu was used as the target material. Al-
though the plasma density and time evolution were differ-
ent, the particles were similar because of the larger 
evaporation rate in ns-laser ablation and supersaturated 
vapor formation in the spark. In the spark discharge pro-

cess, nanoparticles are generated by evaporation followed 
by condensation. First, the spark enables the evaporation of 
the target material, followed by subsequent rapid quench-
ing via adiabatic expansion of the plasma radiation, and 
mixes with the carrier gas to result in supersaturation of the 
vapor. As stated earlier, higher saturation triggers nucleus 
formation, coagulation, and particle growth. Tabrizi et al. 
(2009) postulated that the co-evaporation of different mate-
rials from the target electrodes leads to the formation of 
mixed particles. Based on this hypothesis, Pfeiffer et al. 
(2014) investigated the formation of Pd-doped Mg hetero-
aggregates using a double spark mixing process. The vapor 
generated from each individual spark was rapidly cooled 
via adiabatic expansion and instantly mixed with one an-
other using co-flow gas. While a very high-temperature 
gradient and vapor supersaturation are achieved in the 
spark-generated vapor, the Smoluchowski-type coagula-
tion process dominates. This process allows simultaneous 
evaporation of different materials, which combine to form 
new heteroaggregates. Hence, gas-phase aerosol mixing is 
very attractive for heteroaggregate systems where a wide 
range of precursors with low volatility and high energy 
combustion density are available (Marine et al., 2000). In 
addition, homogeneity of the particle–particle mixture is 
realized when the hetero-contacts are uniformly distributed 
from the surface to the bulk of the particle ensemble. Note 
that two or more multicomponent mixtures at the atomic 
scale lead either to the formation of a mixed metal oxide or 
to a doped system (Adeleye et al., 2018; Naatz et al., 2017). 
Such a system represents an individual particle (classified 
as binary, ternary and quaternary) with a crystal structure of 
at least two different elements having a covalent bond with 
the ligand. The ternary forms include perovskites (ABO3), 
scheelites (ABO4), spinels (AB2O4), and even ternary 
metastable phases that are used in a variety of catalytic 
systems (Dreyer et al., 2016; Grossmann, 2017; Kemmler 
et al., 2012). As an example, these heteroaggregates are 
obtained in the gas phase by double flame spray pyrolysis 
(DFSP), which can synthesize a variety of hetero-
aggregates.

Two aerosol streams (containing independent compo-
nents) from two separate spray flames at different tempera-
tures and at different stages of particle formation within the 
individual aerosol stream can be mixed (Fig. 1). The mate-
rials nucleate in different flames, and the intersection of the 
two flames at a defined distance and angle results in a cer-
tain mixing state. The geometric configuration and the 
corresponding process conditions (e.g. temperature) in the 
mixing zone significantly influence the material properties. 
The concentration ratio of the sprayed components and the 
adjustment of the flame geometry allow tailored synthesis 
of mixing states within a single and/or agglomerated parti-
cle. A single-step synthesis of these different mixing stages 
is achieved when DFSP is applied. The particle residence 
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times of the two streams through symmetrical and/or 
non-symmetrical mixing can be exploited to vary the parti-
cle properties. External temperature control at the mixing 
point is possible by installing a quenching ring at the point 
of aerosol mixing. The high thermal gradient of individual 
aerosol streams enables independent control of the specific 
surface area of the particles and their crystallinity (Kemmler 
et al., 2012). The hetero-contact of different binary, ternary, 
mixed binary, and mixed ternary materials obtained in the 
gas phase is crucial for particle performance. The in situ 
synthesis of the materials using different flame symmetries 
and nozzle placements enabled the formation of such 
hetero aggregates. Integrated high-temperature aerosol syn-
thesis with multiple flames is a promising route for com-
plex and heteroaggregated materials via various precursor/ 
solvent combinations, concentrations, temperature profiles, 
and residence times in the flame (Buss et al., 2019; 
Meierhofer and Fritsching, 2021; Meierhofer et al., 2017; 
Pokhrel et al., 2010; Pokhrel and Mädler, 2020). Each 
flame producing the desired oxide mixtures and/or single 
metastable phases is characterized by its own temperature 

profile along the axis of the gas flow. This results in a spe-
cific temperature–time history during nanoparticle forma-
tion. It is known that increasing the precursor flow rate and 
decreasing the dispersion gas lead to a longer flame and 
residence time, resulting in the production of larger parti-
cles. The gas composition (air or oxygen) and the energy 
provided by the supporting flame are further measures to 
tune the temperature–time history. In the direct mixing of 
existing particle systems, particle concentration plays a key 
role. The particle formation process using large nozzle 
distances allows the physical mixing of the two heteroag-
gregates at the mixing zone. Aerosol mixing within the 
nucleation phase leads to atomic mixing producing ternary 
and/or metastable phases. However, when the mixing pro-
cess occurs later, i.e., when the two aerosol streams mix at 
a higher distance above the nozzle, heteroaggregates are 
obtained. If the respective aerosol streams are mixed even 
later, the particles and agglomerates produce fewer hete-
ro-contacts. Based on this strategy, Co/Al2O3 Fischer–
Tropsch catalysts were synthesized using Co and Al aerosol 
streams (Schubert et al., 2016). When these two streams 

Fig. 1 Illustration of the influence of the intersection distance and mixing within the aggregated systems. (a) The intersection distance of the flames 
when both precursors are in the gas/vapor phase results in atomic mixing to form heteroaggregates. (b) Mixing in a zone, where nucleation and primary 
particle formation start, can result in the formation of polycrystalline particles. The characteristics of the synthesized particles highly depend on the 
miscibility of the material. High miscibility favors polycrystalline particle formation due to diffusion processes. (c) An increase in the flame intersec-
tion distance up to the aggregation regime favors the formation of individual oxide particles, which form a mixture on the particle scale. (d) A further 
increase in the intersection distance, associated with a decrease in the temperature in the mixing zone, leads to a mixture on the agglomerate scale. The 
aggregates physically bond to one another. Adapted from Grossmann (2017). Copyright Universität Bremen Library, open access (URN: 
urn:nbn:de:gbv:46-00106641-10).
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were mixed before the nucleation phase, a very stable but 
catalytically inactive mixed phase (Co3–xAlxO4, 0 < x ≤ 2) 
was formed. However, mixing the two aerosol streams after 
the nucleation phase gives rise to homogeneously mixed 
heteroaggregates, allowing a very active Co catalyst in 
stable Al2O3 support. Hetero-contact plays an essential 
role, especially in the dry reforming of CH4, which was 
demonstrated by the selective mixing of even three- 
component systems (Horlyck et al., 2019). Note that the 
mismatch of the primary particle size induces random col-
lisions during aerosol mixing between two dissimilar parti-
cles, resulting in hetero aggregates. The formation of larger 
particles could be counteracted by reducing the precursor 
concentration and increasing the oxidant flow. Recently, 
the degree of mixing as a function of time was acquired via 
DEM simulation in a rotary drum. This new strategy is 
based on cross-correlation development from a learning set 
consisting of 17 sets of simulation data representing a vari-
ation in the revolution frequency. The results showed good 
predictions for binary mixtures of particles with different 
densities rather than sizes within the parametric conditions 
(Wu et al., 2022). Therefore, double flame FSP is a versa-
tile technique in which each precursor component is sub-
jected to the same temperature–time history, leading to 
atomically mixed metal oxide NPs. However, the quantifi-
cation of hetero-contacts generated from such gas-phase 
synthesis is challenging and requires extensive theoretical 
and mathe matical models to clarify. In addition, the type of 
hetero-contact (physical and/or chemical with respect to a 
contact energy) and the possibilities for flexible adjustment 
allow the extraction of material properties.

3. Modeling and theoretical characterization 
of heteroaggregation

The modeling approaches of aerosol particle formation 
are based on gas-to-particle growth mechanisms depicted 

in Figs. 2(a) and (b), where the time scales of chemical 
reactions are much shorter than the particle residence time 
in the reactor (Pratsinis, 1998). Although DEM for the 
analysis of particle processes is already developed (Pöschel 
and Schwager, 2005) and used for the description of large 
particle systems (Fischer et al., 2016; Parteli and Pöschel, 
2016), the modeling of aerosol reactors for the description 
of homogenization and aggregation processes on the 
sub-micron scale appears to be a challenge. This concerns 
the inclusion of short-range surfaces (e.g., van der Waals) 
and electrostatic forces, which are dominant for these par-
ticle sizes and heteroaggregates (Endres et al., 2021; Parteli 
et al., 2014). Very recently, Endres et al. (2021) reported 
particle–particle interactions in flame-made agglomerates. 
Such interactions were described using a particle–particle 
contact model assuming inherent material properties such 
as but not limited to mechanical stiffness, plasticity, polar-
izability, surface charge, and chemistry (Endres et al., 
2021; Parteli et al., 2014). Numerical modeling of such 
particles and aggregates of very different sizes and com-
plex geometric shapes requires the development of new 
approaches in DEM and much more elaborate algorithmic 
description for high-performance computing (HPC) 
(Endres et al., 2022; Gunkelmann et al., 2014; Topic and 
Pöschel, 2016).

In a very early work on combustion, Ulrich and 
Subramanian (1977) reported a model for coagulation and 
sintering mechanisms as growth-limiting and process- 
controlling mechanisms. Later, Kruis et al. (1993) modified 
the model by considering a characteristic sintering time and 
introducing a fractal dimensional parameter to describe the 
particle aggregates. Johannessen et al. (2000) reported a 
mathematical model for the dynamics of particle growth 
during the synthesis of ultrafine particles in diffusion 
flames. The velocity, temperature, and gas composition in a 
diffusion flame for Al2O3 synthesis were calculated by 
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Fig. 2 Numerical simulations of two-particle aerosol mixing (from double flame spray pyrolysis) reported by Grossmann et al. (a) Central plane 
contour plots of the fraction ratio released from nozzles 1 (red) and 2 (blue) for the I = 10 cm and I = 20 cm settings are inclined at 20°. (b) FTIR-mea-
sured line-of-sight (symbols) and CFD-predicted centerline flame temperatures (thick black lines) along the flame axis for the single flame (circles, 
solid line) as well as the DF with I = 10 cm (diamonds, dashed line) and I = 20 cm (squares, dotted line) inclined at 20°. The specific influence of the 
process flow and the process conditions are decisive for the resulting heteroaggregates and their properties. Adapted from Grossmann et al. (2015). 
Copyright 2015, Springer.
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simplification of 2D simulations of the aerosol model. The 
model was a key to developing an aerosol solver that al-
lows detailed representation of particle evolution within 
the calculated process domain (Gröhn et al., 2011). To 
control the particle growth and mixing processes of hetero-
aggregation, complex simulation models for different 
aerosol flame reactor configurations have been analyzed 
(Meierhofer et al., 2014; Noriler et al., 2014). Meierhofer et 
al. (2014) reported numerical simulations of the air entrain-
ment and droplet trajectory of the flame spray. At very low 
swirl angles (0°), droplets explicitly splashed on the nozzle 
plate. A similar calculation at 5° showed that the recircula-
tion of the particles forced the small droplets toward the 
flame. The increase in the swirl angle to 15° directed all the 
droplets toward the flame with completely reduced recircu-
lation. The simulation data showed that the stronger swirl-
ing flow prolonged the mean residence time of the droplets 
in the combustion domain for aggregate formation (Mädler 
et al., 2002; Meierhofer et al., 2014). Grossmann et al. 
(2015) reported a mathematical model describing the reac-
tive spray dynamics of xylene using a two-phase Euler– 
Lagrange approach describing the continuous gas phase 
and discrete liquid droplets. The simulation for the tem-
perature is underestimated, whereas the FTIR data shows 
the average temperature in regions with steep radial gradi-
ents. Lowering the intersection distances of the two aerosol 
streams increases the temperature up to 300 K along the 
flame axis between 10 and 20 cm [Figs. 2(a) and (b)]. 
Hence, the fundamental understanding of gas-phase parti-
cle production is through simulation and modeling of the 
process, enabling tailor-made functional particles with an 
enhanced number of hetero-contacts.

While reactor geometry and process parameter models 
are important for understanding particle production, theo-

retical characterization of nanosized heteroaggregates re-
quires mixing characteristics during such processes. Baric 
et al. (2018) studied the mixing properties of flame-made 
particles using a combination of particle simulations and 
image analysis to derive correlations for the quantification 
of particle mixing. The acquired simulation method pre-
dicted the 3D coordination number from 2D images of bi-
nary and/or ternary mixtures of aggregated particles. This 
method is valid for cluster aggregation with primary parti-
cles >4. The results of binary particle mixing (between the 
simulations and experimental imaging) showed that the 
coordination numbers and cluster sizes deviate from the 
simulated values by ~10 % (mixing ratio 0.6 and 0.7) and 
below 30 % (mixing ratio 0.8), respectively.

Very recently, Gerken et al. (2023) validated the work 
reported by Baric et al. They used double flame-sprayed 
TiO2 and WO3 heteroaggregates to quantify hetero- 
contacts using high-angle annular dark-field scanning 
transmission electron microscopy (HAADF-STEM) im-
ages. The heteroaggregates shown in Fig. 3 were generated 
as 3D objects in the computer. The figure is a correspond-
ing 2D projection of the 3D aggregates from the simula-
tion. In contrast to the 2D image analysis in the experiment, 
it is possible to simulate 3D particle systems and subse-
quently convert them into a 2D projection to mimic the 
image analysis by TEM. This allows a direct correlation 
between 2D and 3D cluster sizes and coordination numbers 
(Baric et al., 2018). The approach based on a geometric 
model considered the ratio of sample thickness and loga-
rithmically scaled colored intensity. The data showed that 
in all the cases, each primary nanoparticle had ~10 % of 
another particles (either WO3 during TiO2 quantification or 
vice versa) during EDX measurements. The tool developed 
was reported as generic, which could be used for any such 
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Fig. 3 HAADF STEM image of an exemplary TiO2–WO3 heteroaggregate.  From left to right, the particle (TiO2/WO3) positions are marked manu-
ally; the red circle represents TiO2 while the green circle represents WO3. The elemental map was scanned using EDXS and the particle thickness was 
estimated by a geometric model assuming spherical particles (a) for small heteroaggregates and (b) large heteroaggregates. Adapted from Gerken et 
al. (2023). Copyright 2023 Wiley.
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heteroaggregates provided that the two dissimilar particles 
have large differences in atomic numbers (high atomic 
number particles are usually brighter) in HAADF-STEM 
images (Fig. 4).

4. Heteroaggregation, interface properties, 
and applications

4.1 Band bending at the heteroaggregate interface
Heteroaggregation at the nanoscale (heterojunctions)  

allows the development of unique functional properties 
that are essential for many industrial applications. The 
presence of heterojunctions between two dissimilar parti-
cles allows Femi level equilibration and transfer of charge 
via the space charge layer to the particle with high work 
function energy. Hence, such tight hetero-contacts are key 
to these applications, including but not limited to catalysis 
(hydrocarbon cracking, dry reforming of methane, organic 
molecular degradation etc.), chemical sensors, electronics, 
and energy storage technologies (Carlsson et al., 2023; 
Wang et al., 2021). The number of hetero-contacts in the 
aggregates depends on the production routes for hetero-
aggregates, and the degree of mixing is further understood 
via mathematical modeling of the mixing processes fol-
lowed by experimental verification of the heteroaggregate 
formation (Gerken et al., 2023).

The degree of mixing in the gas-phase process depends 
on the composition, metal components, and their concen-
tration in the solid solution (Liu et al., 2020). Many parti-
cles, including but not limited to doping, solid solution, and 
mixed metal oxide phases, have been produced following 
this route (Kho et al., 2011; Manshian et al., 2017; Stark et 
al., 2003; Teoh et al., 2007; Xiao et al., 2011, 2013). The 
synthesis of particles may be limited by their thermody-
namic properties, e.g., differences in vapor pressures, boil-
ing points, and solid–solid miscibility. These are important 
in high-temperature synthesis where solid-state reactions 
and/or the formation of complex oxide mixtures are ob-
tained. Although the mixing of heteroatoms is a parameter 
inclusive of mathematical variance as a measure of inho-
mogeneity, a description of the functionality of heteroag-
gregated particle systems is necessary (Grossmann, 2017). 
The particle–particle and/or hetero-atomic interaction orig-
inates through the contact between different particles, 
through the resulting interface, or via contacts, as depicted 
in  Fig. 4 (Zhang et al., 2014). Properties such as charge, 
mass, heat transfer, and even chemical reactions are real-
ized through such hetero-contacts, explaining the involve-
ment of the number of contact regions/interfaces in 
controlling the material properties of the overall system 
(Gerken et al., 2023). For instance, charge transfer across 

(e) (f)

(c) (d)

(e)

-

Fig. 4 SEM images of highly crystalline BaTiO3 produced in (a) KCl and (b) after reaction in aqueous AgNO3. Schematic of (c) band bending by Au 
and (d) plasmon-induced charge separation due to photochemical reactions at the metal/semiconductor heterojunctions. Here, heterocomponents (Ti 
and Ba) and white contrast due to silver deposition could act as a site for surface reaction. The striped pattern of these deposits is consistent with the 
domain structure and polarization-specific reactivity flux. The crystallographic orientations of the faces are labeled. (e) HRTEM images showing 
chemically tight heterojunctions between PdO–Co3O4 nanoparticles synthesized in the gas phase. Such heterojunction is clearly observed between the 
single-crystalline PdO particle, oriented in the (002) direction, and a single-crystalline Co3O4 particle, oriented in the (111) direction. (f) A p-type 
semiconductor (holes are charge carriers) showing charge transfer from Co3O4 to PdO via heterojunctions for surface reaction. Adapted with permis-
sion from Zhang et al. (2014) and Zhang and Yates (2012). Copyright 2012 and 2014, American Chemical Society.
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heterojunctions determines the mechanism involved in 
surface reactions such as chemical sensors, catalysis and 
biological redox assessment, and nanomedicines (Minner-
mann et al., 2011; Möller et al., 2013; Naatz et al., 2020; 
Takenaka et al., 2012; Xiao et al., 2011).

4.2 Charge transfer across the particle–particle 
heterojunction

Metal–metal oxide heterojunctions are also important 
because the charges can be transferred through the result-
ing band bending supporting the e–h+ pair separation. The 
key properties of such catalysts include (1) eluding e–h+ 
pair recombination during the photocatalytic reaction, (2) 
enhanced reactive sites on the large specific surface, and 
(3) shifting the optical absorption edge via particle engi-
neering (Yu et al., 2018; Zhang et al., 2012). Zhang et al. 
(2011) reported the photoreduction of Ag+ on BaTiO3 mi-
crocrystals physically visualized via white particles in  
hetero-contact with the (100) and (111) planes [Figs. 4(a) 
and (b)]. The reactivity of the surfaces in the order of 
(100) > (111) > (110) was related to the heterojunction in 
the Ag-ferroelectric crystal. The charge transfer and band 
bending due to the heterojunction at the Au/TiO2 surface 
are shown in Fig. 4(c). The presence of downward band 
bending via electropositive Au on the O2/TiO2 (110) het-
erojunction surface slows down the hole transport via the 
space charge layer. In both cases, the separated e– and h+ 
participate in the chemical reactions [see Fig. 4(d)]. The 
valence electrons in the metal particle are collectively ex-
cited via photon adsorption (surface plasmon resonance). 
Excited electrons with energy higher than the Schottky 
barrier cross metal/semiconductor heterojunctions and 
transfer to the valence band of the semiconductor (Zhang et 
al., 2011; Zhang and Yates, 2012). In another report, 
George et al. (2011) reported the photochemical properties 
of Fe-doped TiO2 synthesized in the gas phase using flame 
spray pyrolysis. The increasing dopant (via hetero-contact) 
in TiO2 reciprocally decreased the band gap energy of the 
particles and was able to excite electrons at the absorption 
edge near visible light (George et al., 2011; Gomes et al., 
2023). Such an effect demonstrates the importance of band 
energy in photocatalysis. Zhang et al. functionalized PdO 
on Co3O4 to create surface PdO/Co3O4 heterojunctions 
(Lin et al., 2011). The Fermi energy alignment between 
PdO and Co3O4 triggered e– transfer from Co3O4 to PdO at 
the interface, resulting in h+ generation, as shown in 
Figs. 4(e) and (f). While surface engineering and modifica-
tion strategies ease the separation of e–h+ pairs on the sur-
face for enhanced photocatalytic efficiency, the significant 
number density of such charge pairs recombines in the bulk 
before surface migration for the redox process. The success 
of the photocatalytic process relies on the effective separa-
tion of the photogenerated charges e–h+ in the bulk before 
they take part in the surface redox reaction (George et al., 

2011; Lin et al., 2011). The charge transfer concepts de-
scribed above are also valid in catalysis/photocatalysis and 
electrochemical processes. Such transfer is particularly at-
tractive when p- and n-type junctions are realized, for ex-
ample, in chemical sensors (Frisenda et al., 2018).

4.3 Particle–particle heterojunction in chemical 
sensors

Jeong et al. reported the formation of Cr2O3–SnO2 sen-
sors for the detection of ethylene at low concentrations. 
The cross-sectional imaging showed a uniform sensor 
thickness of ~21 μm [Fig. 5(a)]. High-magnification im-
ages of the top layer showed spherical SnO2 covered by 
Cr2O3 nanoparticles, resulting in a rough surface shown in 
Figs. 5(b) and (c). The layer composition of the sensor had 
a uniform distribution of the metals and oxygen, as de-
picted in Figs. 5(d) and (e), while the Cr distribution was 
on top of the Sn layer with a heterojunction. The cross- 
responses of the Cr2O3–SnO2 to amines such as dimethy-
lene and/or trimethylamine and NH3 (meat or fish usually 
emit these amines when stored) is a unique sensing marker. 
The sensing data showed that the specific distances be-
tween the fruit and the sensing system successfully dis-
criminated bananas for different levels of ripening. The 
ethylene recognition test for a banana in the absence and 
presence of seafood and/or meat using 0.3Cr2O3–SnO2 
sensor showed that the ethylene response was unaffected 
during storage. In addition, Cr2O3–SnO2 bilayer sensor 
potentially monitored in real-time and onsite fruit freshness 
via a portable sensing device was connected to a mobile 
phone via WLAN, as shown in Figs. 5(f) and (g). A strat-
egy for detecting ethylene at a low ppm concentration 
shows the importance of heterojunction for efficient gas 
sensing. The analyte gas adsorption behavior and/or sur-
face reactions are quite different for various molecules on 
solid surfaces. For instance, a surface with sufficient ad-
sorption energy might support molecular cleavage and al-
low intermediate species to diffuse to the neighboring 
particle for further reaction via hetero-contact (Jeong et al., 
2020). The SnO2–Cr2O3 heterojunction was highly selec-
tive and sensitive toward ethylene due to the catalytic oxi-
dation of reactive interfering gases, without sacrificing the 
transport of the analyte gas to the lower sensing region 
across the heterojunction.

The sintering of the powder sample is another process 
that intensifies the particle–particle heterojunction via heat 
treatment. During exothermic surface reactions, heat trans-
port occurs from one component to the other and propa-
gates to neighboring surfaces through hetero-contacts. For 
example, heat transfer in gas sensors provides suitable ad-
sorption and reaction conditions, leading to improved sen-
sitivity (Gardner et al., 2023). Naik et al. reported the gas 
sensing properties of WO3–ZnO system and showed that 
the sintering of grains seemed easier in composites rich in 
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either WO3 or ZnO. The extent of hetero-contacts was 
higher in the mixture with low and high amounts of oxides, 
e.g., 10%ZnO and 90%WO3, rather than 50%WO3 and
50%ZnO where inhomogeneity in the mixing was ob-
served. This observation is in line with the highest sensing
response by 10%ZnO–90%WO3 for NO2 at an operating 
temperature of 300 °C (Naik et al., 2013). In another report, 
Shimizu et al. (2001) significantly increased the NO re-
sponse of 5.0 wt.% Cr2O3–SnO2 hetero-contacts via the 
formation of p–n junctions. Tuning particle–particle hetero-
junction allows direct adjustment of the accumulation or 
depletion layer, surface catalytic activity, Lewis– 
Bronsted acid–base properties, and polarity, which are key 
to catalytic application (Jo et al., 2022).

4.4  Heteroaggregation and its application in 
catalysis

While the gas sensing property of heteroaggregates  
depends on the mixing and increased number of hetero- 
contacts, such particle geometry is also important for cata-
lytic reactions. As stated in Section 2, heteroaggregates 
can be tailor-made using a double flame system, and the 
particles are controlled via homogeneous mixing of the 
aerosol streams (Gockeln et al., 2018b; Kemmler et al., 
2012; Manshian et al., 2018; Naatz et al., 2017, 2020; 
Pokhrel and Mädler, 2020). To realize catalytic perfor-
mance based on mixing and/or with an increased number of 
hetero-contacts [see Fig. 6 (upper panel)], a series of Pt–

Ba/Al2O3 and Pt/Ba/CexZr1–xO2 multicomponent catalysts 
with various Ba loadings (4.5–33 wt%) were prepared us-
ing a double flame unit and tested for NOx storage capacity 
(Strobel et al., 2006). The in situ HT-BaCO3 phase leads to 
improved NOx storage potential at higher Ba loadings 
(Piacentini et al., 2006). In another report, the hetero- 
contacts between catalytically active Co and Al2O3 support 
and their defined particle size were controlled using differ-
ent intersection distances of the particle streams in the two 
independent nozzles. The catalytic material was stable on 
the Al2O3 support during FT synthesis with enhanced per-
formance (Minnermann et al., 2013). Høj et al. (2013) used 
multiple flame systems to prepare a heterogeneous catalyst 
including (CoMo) in Al2O3 support. The hydrodenitrogena-
tion activity of the catalysts without heat treatment im-
proved from 71 % to 91 % after mixing two aerosol 
streams. The chemoselective hydrogenation of aromatic 
ketones was performed using double flame-generated Pd/
silica–alumina catalysts. The Pd particles offered identical 
electronic properties on the Pd surface, contributing similar 
chemoselectivity for the hydrogenation of carbonyl groups 
on all double-flame-derived catalysts. Hydrogenation was 
strongly enhanced by tuning the density of the surface 
Brønsted acid sites on the catalytic support by varying the 
Si/Al hetero-contact density (Wang et al., 2013). Very re-
cently, Gäßler et al. (2022) reported the methylation activ-
ity of catalysts, namely Co/SiO2, Co/TiO2, and Co/
TiO2–SiO2. The synthesis technique and in situ mixing 

(f)

(g)

Fig. 5 Imaging and hetero-contact characterization of Cr2O3-SnO2 based sensor detecting ethylene (C2H4) gas: (a) cross-sectional image of the het-
erostructured film, (b) magnified SEM image clearly showing Cr2O3-SnO2 heterojunction, (c) top-view image, (d) elemental mapping images of Sn, O, 
and Cr mapping, (e) elemental mapping images of Sn, O, and Cr with color codes showing detachment of a particle from the top region of the sensing 
film, (f) wireless sensor module used to assess and monitor fruit freshness using Cr2O3-SnO2 sensing film, (g) photograph of the in situ gas-sensing 
test. Adapted with permission from a reference (Jeong et al., 2020). Copyright 2020, WILEY-VCH Verlag.
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were suitable for well-defined heteroaggregates catalysts. 
The separation of the individual nanoparticle formation 
into two independent flames and varying nozzle distances 
allowed for the defined mixing of active metal and support.

Dynamic catalytic testing showed that the support mate-
rial is affected by adsorbed H2O on the support surface, 
leading to a significant delay in H2O response. In contrast, 
the data showed fast formation of stoichiometric CH4 
[Fig. 6 (lower panel)]. While the formation of CO is in-
creased with Co/TiO2 –SiO2, the rate of CH4 formation in-
creases with higher TiO2 fractions in the support (Gäßler et 
al., 2022). In another report, Stahl et al. (2021) studied Co/
Al2O3, Co/Pt, Co/ZrO2, and Co/Sm2O3 heteroaggregated 
catalysts synthesized by double-flavor gas phase mixing. 
The results of different surface promoters, including Pt, 
ZrO2 and Sm2O3,  showed overall improvement of methan-
ation at operation temperature compared with unpromoted 
catalyst. In the case of CO methanation, Pt performed the 
best methanation activation, and all the catalysts deacti-

vated rapidly above 310 °C. The combination of well- 
defined catalysts obtained from the gas phase provides the 
basis to correlate material properties with catalytic perfor-
mance (Stahl et al., 2021). In the future, experiments with 
doping on the reactive surface might even lead to the for-
mation of catalytically very active heteroaggregates. 
Hence, the particle properties depend on the degree of 
mixing and are directly proportional to the number of  
hetero-contacts in the aggregates. Selectivity, which is es-
sential in heterogeneous catalysis, e.g., layered double hy-
droxide (LDH), allows polymerization of propylene oxide 
on the hydroxide surface. Laycock et al. (1991) reported 
that inorganic or organometallic coordination is possible on 
the specific orientation of the LDH surface for heterojunc-
tion.

The optimal functionality of the material also depends 
on the contact area, atomic structure of the interface, lattice 
strain, and defect chemistry of the two dissimilar particles. 
The variation in the process parameters during double 

Fig. 6 (upper panel) TEM micrographs of Co/SiO2 (a,b), Co/SiO2-TiO2 (c,d), and Co/TiO2 (e,f) catalysts. The micrographs in HAADF mode and 
EDX mappings of the elements show Co in blue, Si in red, and Ti in yellow. (lower panel) State-space plots for outlet molar flow rates of CH4, CO, and 
H2O for Co/TiO2 catalysts at 300 °C and 2 bar. Adapted from Gäßler et al. (2022). Copyright 2022 Wiley.
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flame spray pyrolysis allows efficient mixing and results in 
improved functionalities in various other applications.

4.5 Particle–particle heteroaggregation in 
photocatalysis

The heterojunctions in the aggregates improve the pho-
tocatalytic activity by enhancing charge carrier separation 
and reducing recombination. Selective deposition with ac-
tive co-catalysts allows enhancement of the number of 
heterojunctions. Apart from the e–h+ pair separation, the 
extension of light absorption by the combination of at least 
one visible light-absorbing semiconductor hetero-contact 
also enhances the catalytic property (Marschall, 2014). The 
photocatalytic reaction of sucrose with excess oxygen fa-
vors a reductive pathway in Pt/TiO2 heteroaggregates 
(Teoh et al., 2005). However, the photocatalytic reaction of 
methanol was absent, clearly indicating the beneficial ef-
fects of Pt(0) and/or Pt(IV) hetero-contact with TiO2 (Teoh 
et al., 2005; 2007). The photocatalysis using different Pt 
functionalized hetero-contacts showed an optimum photo-
catalytic effect for 0.5 % Pt loading. At a lower Pt distribu-
tion (0.1 %), the activity was even lower than that of pure 
TiO2 due to the high photocurrent density of the Pt particles 

enhancing the electron–hole recombination process (Teoh 
et al., 2005). To test this effect, Kho et al. (2010) studied 
photocatalytic H2 evolution over aqueous TiO2 using meth-
anol as a hole scavenger. The variation in the band energies 
of the anatase and rutile phases poses a synergic barrier and 
electron transfer across the anatase–rutile junction, as de-
picted in Figs. 7(A) and (C). Such synergistic behavior 
(charge separation mechanism in the interface of the het-
eroaggregates) is responsible for the photoactivity of the 
particles. The other possibility of e–h+ pair generation in 
the TiO2 based nanoparticles is via re-engineering oxides 
by doping (hetero-contacts), as shown in Figs. 7(B) and 
(D)(George et al., 2011). The effect in the mixed anatase–
rutile phases originated through efficient charge separation 
across the interface. In another report, Sasikala et al. (2009) 
reported TiO2–SnO2 heteroaggregates with enhanced pho-
tocatalytic activity for hydrogen generation compared with 
pure TiO2 via effective charge separation in the aggregate 
system. Similarly, Jia et al. (2014) studied BiVO4–SrTiO3: 
Rh heterojunction system and reported that a stable inter-
face between components is essential for charge separa-
tion. The hetero aggregation and structural complexity of 
the photocatalyst components described above offer many 

Fig. 7 (A) Proposed photocatalytic route for H2 evolution via electron transfer in the anatase–rutile heterojunction. The oxidation of methanol results 
in the formation of hydroxymethyl radicals (·CH2OH) via hydroxyl radicals (·OH). (B) Decrease in the band gap energy by Fe doping in TiO2. With an 
increase in the doping content, the band gap energy decreases. (C) (Top): Images of TiO2 nanoparticles with 4, 39 and 95 % anatase contents. Bottom: 
Images of Pt/TiO2 (4, 39 and 95 % anatase) with Pt dispersion after photocatalytic reaction. (D) Microscopic images of undoped and Fe-doped TiO2 
nanoparticles. Low-resolution (top row) and high-resolution (bottom row) images of single particles of undoped TiO2, 4 % Fe doped TiO2 and 10 % 
Fe-doped TiO2, respectively. Adapted with permission from references (George et al., 2011; Kho et al., 2010). Copyright 2010 and 2011, American 
Chemical Society.

https://doi.org/10.14356/kona.2025004


Suman Pokhrel et al. / KONA Powder and Particle Journal No. 42 (2025) 170–187 Review Paper

180

degrees of freedom for tuning their catalytic properties 
(Schauermann et al., 2013).

4.6 Heteroaggregation in energy storage 
applications

Apart from the performance of the catalysis, heteroag-
gregates with tight chemical contact are also known to be 
very novel for the development of energy storage materials 
(designed from the double flame spray pyrolysis). While 
single-phase LiMn2O4 has a high energy density and rate 
capability, the dissolution of Mn2+ in the electrolyte via 
disproportionation causes cell degradation and fast capac-
ity fading (Erichsen et al., 2020). The use of double flame 
gas phase synthesis, efficient mixing of two aerosol streams 

inclined at constant 20° (one with AlPO4 and the second 
with LiMn2O4), produced AlPO4/LiMn2O4 heteroaggre-
gates in the gas phase. The electrochemical performances 
of these energy storage materials showed a capacity reten-
tion of 93 % and an outstanding initial capacity of 
116.1 mAh g–1 for 1 % AlPO4, as depicted in Figs. 8(a)–(c) 
(Li et al., 2021).

In another report, novel battery systems were fabricated 
using double flame spray pyrolysis followed by a role-to-
role lamination technique. The C–Li4Ti5O12 hetero- 
junction was obtained by combusting xylene in one  
independent flame and Li4Ti5O12 in the other flame , as il-
lustrated in Figs. 8(d) and (e). The carbon stream was 
mixed with the active energy storage material above the 

(a)

(b)

(c)

(d) (e)

Fig. 8 Energy storage heteroaggregated materials: (a)–(c) particle characterization and energy storage application of heteroaggregated AlPO4 with 
spinel LiMn2O4. The material is a promising cathode for rechargeable Li-ion batteries because of its cost effectiveness, eco-friendliness, high energy 
density, and rate capability. (d) Synthesis of C–Li4Ti5O12 using double-flavor aerosol mixing, (e) realization of role-to-role layer transfer technology 
and doctor blading for battery layer fabrication. Adapted from references (Gockeln et al., 2018b; Li et al., 2021). Copyright: 2018 American Chemical 
Society 2018 and 2021 Elsevier.
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flame. The C–Li4Ti5O12 powder was transferred to the cur-
rent collector directly from the role-to-role laminator.

The development of this in situ gas-phase process avoids 
(1) the use of organic binder and/or solvent and (2) the 
traditional multiple steps necessary for battery fabrication 
(Ernst et al., 2007; Li et al., 2021). As described above for 
AlPO4–LiMn2O4 and C–Li4Ti5O12 lithium-ion batteries, 
these batteries have come into industrial focus with high 
interest. The investment in cathode, anode, and electrolytic 
research has been realized due to solid–liquid hetero- 
contact (Groß, 2022). The results showed that the solid 
electrolytes interfaced with the solid electrodes were free 
from leakage, free from Li-dendrite growth, and non- 
flammable during cycling, as depicted in Figs. 9(a)–(d). 
These advantages allowed feasible battery operation at a 
wide range of temperatures (Meng et al., 2022). All solid- 
state batteries covering a large class of materials including 
but not limited to polymeric, inorganic ceramic, or glassy 
materials such as oxides, halides, and sulfides with tight 
hetero-contact are commercially attractive, and a few of 
them are already under operation and use (Manthiram et 
al., 2017; Naatz et al., 2018; Pokhrel et al., 2023; Zou et al., 
2020).

4.7 Particle–particle heterojunction in 
superconductors and medicine

The physical properties, including but not limited to 
charge transfer, specific band energy position changes, 
spin–orbit, and spin–spin coupling, can be altered by in-
creasing the number of hetero-contacts through doping, 
pressing, and sintering. Gan et al. (2023) designed an oxide 
hetero-contact using Hf0.5Zr0.5O2 interfaced with a selec-
tive orientation (110) of KTaO3, allowing light-induced 
giant spin–orbit coupling-based superconducting inter-
faces. Such hetero-contacts are promising efficient spin-
tronic devices and topological superconductors. While 
heteroaggregation is a key to many physical properties and 
applications, such heteroaggregation is equally important 
in medicinal and pharmaceutical processes for efficient 
treatment. Meng et al. (2010) used mesoporous SiO2 
nanoparticles as a solid support for controlled drug delivery 
using their large surface for functionalization (solid–solid 
hetero-contact) to control the nanopore openings. These 
particles were used as a novel delivery system based on the 
function of such hetero-contacts. In recent years, various 
approaches such as deep-eutectic systems (Sánchez-Leija 
et al., 2014), solid crystal suspensions, and nanoparticulate 
formulations (Ely et al., 2014) have been shown to have the 
best performance due to the interaction effect in the  

(a) (b)

(c) (d)

Fig. 9 (a) All solid-state lithium ion batteries showing hetero-contacts between the electrodes and electrolyte, (b) solvation in nanoconfinement 
within the cells with hetero-junctions, (c) Schematic diagram showing hetero-junctions with all battery components with stable ionic conduction in the 
electrolyte, (d) electrodes operating at potentials beyond the region enclosed between energy levels followed by interphase formation for the revers-
ibility of the cell chemistry. Adapted with permission from a reference (Meng et al., 2022). Copyright 2022, American Association for the Advance-
ment of Science.
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colloidal size (Priemel et al., 2012). This effect is achieved 
by the local hetero-contact of the multicomponent sub-
stances at the nanoscale.

4.8 Layer fabrication with heteroaggregates
The transfer of forces and moments at the hetero-contact 

occurs during the densification and layering of the pow-
ders. To design such systems, the combination of ductile 
and brittle particles offers a high-strength granular system 
that allows deformations at the interfaces. Baric et al. 
(2019) modeled nanoparticle aggregate film compaction 
(considering elastic sinter bridges between primary parti-

cles) using DEM. The results showed deviation from the 
experimentally determined porosity and pore size distribu-
tion against applied pressure when non-covalence, adhe-
sion, very rigid, and strong agglomerates were considered 
[Figs. 10(a)–(e)]. Such porosity of the films arises from 
low mechanical resistance. The thermal stability of the 
films was realized via sintering/annealing to enhance elec-
trical conductivity; however, this was at the expense of the 
reduced porosity and specific surface area. In the gas phase, 
in situ thermophoresis for the development of heterojunc-
tions involves high-velocity particle streams colliding with 
the substrates placed above the spray. The post treatments, 

(a)

(b)

(c)

(d) (e)

Pressure (MPa)

Fig. 10 (a)–(c) Role-to-role layer transfer of in situ deposited particles. (a) Gas phase synthesis of heteroaggregates and layer transfer via lamination. 
(b) SEM images of the fabricated layer (I) before and (II) after layer transfer. (c) Simulation of the thermophoretic particle layer. The φ, p, and h denote 
the porosity, pressure, and film height, respectively. (d) Thin-film lithium-ion batteries overview and Li4Ti5O12 close-up images of SEM/FIB cuts for  
Li4Ti5O12 at 300 (top) and 3.4 (lower) MPa pressure. The higher pressured Li4Ti5O12 at 300 MPa is dense, homogeneous, and thin, whereas the lower 
pressured layer is porous, irregular, and thicker. (e) 2D (top) and 3D (middle) representations of the surface sections of Li4Ti5O12 powder, compacted 
at 0, 3.4, and 300 MPa (e-lower panel) illustrate the coherence of the simulated and experimental porosities and pore size distributions of Li4Ti5O12 at 
3.4 and 300 MPa, respectively. The colored images on the left and right in (e) demonstrate the simulated thin films. Adapted with permission from 
references (Gockeln et al., 2020; Pokhrel and Mädler, 2020). Copyright 2020, American Chemical Society.
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i.e., sintering the resulting particle–particle heteroaggre-
gates, are unnecessary because organic binders are avoided 
at all process steps and the temperature of combustion is 
~3000 °C. While particle–substrate bonding strength (loose 
hetero-contact of the layer with the substrate) is weaker for 
the in situ deposited layers, Schopf et al. (2013) developed 
a role-to-role lamination process enabling compact dry 
nanoparticle films at pressures up to 3.4 MPa. Such role-to-
role layer fabrication technology allowed stronger and 
mechanically stable hetero-contact between the substrate 
and the particle layer, as shown in Figs. 10(a) and (b).

The compaction led to a significant increase in the com-
pressive Young’s modulus (from 0.8 MPa to 1.9 MPa) and 
a decrease in porosity from 84 % to 79 % while preserving 
the specific surface area of the film, as depicted in 
Figs. 10(d) and (e). In addition, it has been reported that 
compact particle–particle films retain their physical proper-
ties, e.g., structure and morphology, against capillary 
forces resulting from an air–liquid interface during liquid 
imbibition (Schopf et al., 2017). It must be noted that parti-
cles of 10 nm size at 3.4 MPa compaction pressure produc-
ing brittle fractures is highly unlikely. To validate this 
finding, flexible Li4Ti5O12 layers (LTO) were in situ depos-
ited on Cu substrates (LTO–Cu hetero-contact) followed by 
compacting at pressures of 3.4 and 300 MPa. The hete-
ro-contact at higher pressure was dense, homogeneous, and 
thin, whereas the contact compacted at lower pressure was 
highly porous, more irregular, and thicker, as shown in 
Figs. 10(d) and (e). The LTO–Cu hetero-contact com-
pressed at 300 MPa and 3.4 MPa showed porosities of 
46.6 % and 76.7 %, matching the DEM-simulated porosi-
ties of 46.4 % and 75.9 %, respectively (Gockeln et al., 
2018a; 2018b; 2020). Gottschalk et al. (2023) reported 
high-energy hetero-contacts of C–Si. The data showed that 
the balanced ratio of the active heteroaggregates and com-
paction drives the battery performance optimally.

5. Conclusion and outlook
The development of process parameters to design a large 

number of particle–particle hetero-contacts during produc-
tion is a key to many innovative applications. The genera-
tion of hetero-contacts within the heteroaggregates allows 
specific charge distributions in the particle–particle inter-
face, providing a great opportunity to develop new materi-
als in the gas phase. However, unresolved challenges such 
as but not limited to surface adsorption, particle shape/size, 
and turbulence in the gas phase affect the actual realization 
of particle mixing. While larger process time length, parti-
cle concentrations, and homogeneity gradients of the mix-
ing are particularly challenging, the quantification of such 
heteroaggregates and the determination of parameters for 
such aggregation create new opportunities and resolve the 
drawbacks, i.e., heteromixing, which is difficult via liquid 
phase and/or physical mixing processes. The non-uniform 

heteroaggregation is caused by different mixing zones 
during the spray, while the mixing of two aerosol streams 
crossing at an angle differs significantly in the flow direc-
tion. Two identical free jets at different distances from each 
other result in very different mixing patterns in the flow 
direction. This makes it possible to mix particles that meet 
at very different growth stages, control over hetero-
aggregation. This review aims to establish functional cor-
relationsbetween the process design, modeling, particle– 
particle mixing, and uniformity of the heteroaggregates. 
These aggregates at the nanoscale are a very important 
class of materials, especially in catalysis, sensor, and bat-
tery development. Charge transport between different 
components and different heterojunctions is the driving 
factor for enhanced performance. The same applies to 
semiconducting materials, where the n–p transition within 
heteroaggregates is another emerging field of research. On 
this basis, new concepts for gas sensors and photoreactors 
have been developed. In addition, in catalysis, mass and 
charge transfers in multicomponent materials are import-
ant. Hence, to realize an advancement in science, especially 
in materials science, particle formulation and the character-
ization of heteroaggregates are research topics with high 
relevance.
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Perspectives on Particle Design Strategies for Better 
Inactivation of Airborne Pathogens †

Mohaiminul Haider Chowdhury $, Zan Zhu $ and Wei-Ning Wang *
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Airborne pathogens such as bacteria, viruses and fungi pose significant 
threats to human health. Various mitigation strategies have been 
developed, including air filtration, ventilation, UV irradiation, and 
photocatalytic oxidative disinfection (POD). In particular, the 
combination of passive air filtration and active POD has promise for 
the better inactivation of airborne pathogens. However, the efficiency 
of POD remains hindered by numerous factors, such as inherent fast 
charge recombination, limited understanding of the interactions 
between airborne pathogens and catalyst surfaces, and short migration 
distances of reactive oxygen species (ROS). This perspective elucidates 
the fundamental principles and constraints of POD and provides 
several examples for delineating enhancement strategies. The primary 
objective of this study is to cultivate a cellular-level understanding of 
the interactions occurring at the biointerfaces in POD systems, thereby 
revealing the mechanistic pathways and paving the way for future 
catalyst designs to improve air quality.
Keywords: air filtration, COVID, airborne pathogens, photocatalysis, disinfection

1. Introduction
The World Health Organization (WHO) reports that in-

door air pollution causes 3.8 million deaths worldwide 
each year (Balmes, 2019). Indoor air quality, therefore, has 
increasingly become an alarming concern within the scien-
tific community due to the growing health impacts such as 
cancer, asthma, and bronchitis, induced by poor air quality 
(Balakrishnan et al., 2014; Burnett et al., 2014). Indoor air 
pollutants include particulate matter (PM), volatile inor-
ganic compounds (VIC), and volatile organic compounds 
(VOC) (Gonzalez-Martin et al., 2021). Of particular con-
cern are airborne pathogens, which are a unique component 
of PM. They are clustered into three major groups: bacteria, 
fungi, and viruses (Song et al., 2022). Different airborne 
pathogens can cause a plethora of diseases, such as com-
mon colds, flu, asthma, anthrax, tuberculosis, botulism, and 
pneumonia (Bhardwaj et al., 2021; Xu Z.Q. et al., 2012) 
(see Table 1).

The recent COVID-19 pandemic was also caused by the 
airborne SARS-CoV-2 virus, which can spread through 
airborne transmission. This global health crisis under-

scored the critical importance of air biosecurity, as the 
transmission of the SARS-CoV-2 virus through respiratory 
droplets and aerosol particles emerged as the primary mode 
of spread (Guo et al., 2023; Vlaskin, 2022).

Over the years, strategies for controlling airborne patho-
gens have been developed and are generally classified 
based on two fundamental principles: capture and inactiva-
tion, as depicted in Fig. 1.

Among these strategies, air filtration using HVAC filters 
and face masks is the most viable tool to control air quality, 
protecting people from inhaling PM and airborne patho-
gens. However, although most commercial filters can cap-
ture airborne pathogens on their surfaces, they cannot 
inactivate them, posing a risk of secondary contamination 
under high airflow.

In particular, bio-contaminated surfaces in hospital 
buildings, equipment, and even personal protective equip-
ment (PPE) are considered sources of secondary contami-
nation, leading to hospital-acquired infections (HAI), also 
known as health-associated infections (Magill et al., 2014; 
Peleg and Hooper, 2010). Effective disinfection strategies 
are crucial to prevent these transmissions. Typically, harsh 
chemicals, e.g., chlorine dioxide and ethylene oxide are 
used, which, however, are often associated with several 
adverse effects (Hubbard et al., 2009). Ultraviolet (UV) 
sterilization by direct UV-C irradiation is also employed, 
but this involves severe occupational risks (Kühn et al., 
2003; Walker and Ko, 2007). Among these control  
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strategies, photocatalytic oxidative disinfection (POD) us-
ing catalyst particles has emerged as an efficient, cost- 
effective, environmentally sustainable approach (Hodges et 
al., 2018; Wang H.L. et al., 2014; Yu J.C. et al., 2005). 
Notably, combining passive air filtration and active POD 
may be a promising strategy for capturing airborne patho-
gens and simultaneously killing them in situ.

However, the POD efficiency remains low and is plagued 
by many factors, such as inherent fast charge recombina-
tion, limited understanding of the interactions between the 
captured pathogen cells and catalyst surface, and short mi-

gration distances (also times) of reactive oxygen species 
(ROS). The rational design of photocatalyst particles by 
addressing the constraints of the POD technique is thus 
essential.

In this perspective, we introduce the fundamental princi-
ples and constraints of the POD technique and provide 
several examples to delineate enhancement strategies. We 
used bacteria as the model airborne pathogens and  
metal-organic frameworks (MOFs) (Furukawa et al., 2013; 
Li P. et al., 2019) as supporting materials for efficient cata-
lyst particle design. The primary objective of this study is 

Table 1 Airborne pathogens and associated health risks.

Species Airborne pathogens (Microorganisms) Health impacts

Bacteria (Gram-Negative) Escherichia coli Gastroenteritis; abdominal cramps; diarrhea; vomiting

Pseudomonas fluorescens Septicemia

Legionella pneumophila Pneumonia; pulmonary infections; influenza

Bacteria (Gram-Positive) Staphylococcus epidermidis Food poisoning

Staphylococcus aureus Septicemia; endocarditis; meningitis; osteomyelitis

Micrococcus luteus Endocarditis; meningitis

Mycobacterium Tuberculosis

Fungi Aspergillus versicolor Gastroenteritis; abdominal cramps; diarrhea; vomiting

Aspergillus niger Ear infections; sore throat; bronchitis; skin infections

Penicillium citrinum Renal tumors

Penicillium spinulosum Septicemia

Viruses Measles virus Measles

NWS/G70C (H11N9) Pneumonia; pulmonary infections; influenza

Norovirus Gastroenteritis; abdominal cramps; diarrhea; vomiting

Adenovirus Ear, respiratory tract, gastrointestinal, and liver infections

Varicella-zoster virus Chickenpox

Source: (Bhardwaj et al., 2021; Xu Z.Q. et al., 2012)

Airborne
Pathogen
Control

Capture

Inactivation

Filtration Electrostatic
Precipitation

Steam Sterilization

UV Irradiation

Plasma Treatment

Microwave Treatment

Metallic Disinfection

Photocatalytic 
Oxidative Disinfection

Fig. 1 Classification of various techniques for controlling airborne pathogens.

https://doi.org/10.14356/kona.2025013


Mohaiminul Haider Chowdhury et al. / KONA Powder and Particle Journal No. 42 (2025) 188–199 Review Paper

190

to cultivate a cellular-level understanding of the interac-
tions occurring at the biointerfaces in POD systems, 
thereby revealing the mechanistic pathways and paving the 
way for future catalyst designs to improve air quality.

2. Principles and limitations of 
photocatalytic oxidative disinfection

Photocatalytic oxidative disinfection (POD) is a promis-
ing technology for killing airborne pathogens. In the POD 
system, the photocatalytic surface is activated by light to 
generate charge carriers, i.e., electron and hole pairs 
(Fig. 2) (Chen F.N. et al., 2010; Kim et al., 2021; Kumar et 
al., 2020; Li P. et al., 2019; Nosaka Y. and Nosaka A.Y., 
2017; Shi et al., 2020; Wang W.J. et al., 2013).

Taking a water-based POD system as an example, these 
excited charge carriers react with water or oxygen mole-
cules to form various reactive oxygen species (ROS), such 
as •O2

–, 1O2, •OH, •O–, and •OO– (Nosaka Y. and Nosaka 
A.Y., 2017). When a bacterial cell comes in contact with 

the photocatalytic surface through different forces such as 
electrostatic attraction, hydrophobic interactions, van der 
Waals forces, and receptor-ligand interactions, these ROS 
impact the bacterial cell membrane and also affect cell 
metabolism (Regmi et al., 2018). Consequently, these ROS 
damage bacterial cells, including the cell wall and intracel-
lular components such as proteins, DNA, and lipids 
(Fig. 3) (Shi et al., 2020; You et al., 2019; Zeng et al., 
2017). The proposed reactions for representative ROS for-
mation and associated bacterial inactivation are described 
below (Regmi et al., 2018):

Photocatalyst +hυ → h+ + e–

h+ + H2O → •OH + H+

h+ + OH– → •OH

e– + O2 → •O2
– 

2H e

2 2
H O

 

   

 

[21] 
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Fig. 2 Mechanism of ROS generation in the presence of light.
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Fig. 3 Interactions between bacterial cells and photogenerated ROS at the biointerface.
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Despite being a promising antimicrobial strategy, the 
POD system is inefficient. The major challenge in this sys-
tem is the rapid electron–hole (e––h+) recombination, 
which typically occurs within nanoseconds, two or three 
orders of magnitude faster than other charge transfer pro-
cesses (Fujishima et al., 2008; Hoffmann et al., 1995). Over 
the past decades, constant efforts have been made to ad-
dress this critical issue and improve the overall POD effi-
ciency by developing strategies such as incorporating 
metal sinks and creating heterojunctions (Ahmad et al., 
2023; Linsebigler et al., 1995; Serpone and Emeline, 
2012).

However, in a typical POD system, ROS are generated 
on the photocatalyst surface, typically with very short half-
life times (t1/2) and migration distances (see Table 2).

The short lifespans and migration distances of photo-
generated ROS often result in their degradation into less 
potent species before they reach bacterial cells. Conse-
quently, the efficacy of bacterial inactivation is heavily de-
pendent on the overall ROS concentration in the system. 
For instance, despite being 100 times more potent than 
•O2

– and H2O2, •OH does not achieve its full antimicrobial 
capability as it has a significantly shorter migration  
distance compared to others, which restricts overall bacte-
ricidal efficacy (Das and Roychoudhury, 2014; Kusiak- 
Nejman and Morawski, 2019; Nasir et al., 2021).

In addition, bacterial cells are rich in carboxylic and 
phosphate groups, rendering them negatively charged. This 
often results in electrical repulsion, preventing bacterial 
adhesion on the catalytic surface of most metal oxide-based 
photocatalysts, which are also negatively charged due to 
the presence of hydroxyl groups. In such scenarios, antimi-
crobial activity depends on ROS diffusion and penetration 
into the bacterial cells (Cho et al., 2004). Therefore, the 
distance between the bacterial cell and catalyst surface can 
be reduced to further enhance the POD efficiency.

3. Particle design strategies
In this perspective, we present specific particle design 

strategies to address the aforementioned limitations by us-
ing metal-organic frameworks (MOFs) and quaternary 
ammonium compounds (QAC) as model materials. As 
emerging porous polymers, MOFs exhibit exceptionally 
high surface areas, rich surface chemistry, and tunable po-

rous structures, making them well-suited for a range of 
catalytic applications (Jiao et al., 2019; Li D. et al., 2024; 
Yusuf et al., 2022). Conversely, QAC compounds are 
widely known for their antibacterial properties due to fac-
tors such as low toxicity, structural flexibility, ease of sur-
face fixation, and minimal risk of antibiotic resistance 
(Ping et al., 2019; Sun et al., 2020; Zander et al., 2018; 
Zhang et al., 2020). The N+ in QAC electrostatically at-
tracts negatively charged bacterial cells, which ultimately 
leads to cell lysis (Jennings et al., 2015; Wilson et al., 
2001).

Based on these considerations, we implemented two 
strategies to develop MOF-based particles with QAC coat-
ings, addressing the challenges of shorter ROS lifespan, 
shorter migration distance, and greater charge-carrier re-
combination. First, we developed a self-decontaminating 
nanofibrous filter (UiO-PQDMAEMA@PAN) for en-
hanced ROS interaction with bacterial cells (Zhu et al., 
2021), where UiO refers to a zirconium-based MOF, 
PQDMAEMA refers to poly[2-(dimethyl decyl ammo-
nium) ethyl methacrylate], and PAN indicates polyacrylo-
nitrile. Second, we rationally designed heterojunction 
photocatalyst particles by modulating the surface of 
g-C3N4/MIL-125-NH2 with a positive QAC layer  
(QAC@g-C3N4/MIL-125-NH2) (Zhu et al., 2023). Here, 
g-C3N4 is a two-dimensional semiconductor, and MIL-
125-NH2 is a titanium-based MOF (Li P. et al., 2019; Ong 
et al., 2016; Zhou et al., 2020). This design aims to improve 
its affinity for bacterial cells and enhance electron–hole 
separation. The details of the design strategies and antimi-
crobial performance of the two materials are explained 
here.

3.1 UiO-PQDMAEMA@PAN filter
Synthesis of nanofibers. The entire synthesis route of 

the UiO-PQDMAEMA@PAN filter is schematically illus-
trated in Figs. 4(a) and 4(b). Initially, UiO-PQDMAEMA 
particles were prepared using UiO-66-NH2 as the base 
material, which was then decorated with 2-bromoisobuty-
ryl bromide (BIBB) to form UiO-66-BIBB. Next, using the 
atomic transfer radical polymerization (ATRP) method, the 
monomer 2-(dimethyl decyl ammonium) ethyl methacry-
late (QDMAEMA) was polymerized and grafted onto the 
surface of UiO-66-BIBB to obtain UiO-PQDMAEMA.

The antibacterial nanofibrous filter was then fabricated 
through a facile electrospinning process by embedding 
UiO-PQDMAEMA particles in polyacrylonitrile (PAN) 
polymers. By varying parameters such as concentration, 
particle/polymer ratio, temperature, and relative humidity 
(RH), a range of nanofibers can be prepared.

Optimization of the nanofibers. In a typical electrospin-
ning process, a well-mixed polymer solution of filler parti-
cles is generally used, resulting in a uniform distribution of 
filler particles within the polymer backbone in the final 

Table 2 Half-life and migration distance of ROS.

ROS
Half-life 
 time (t1/2)

Migration 
 distance

Superoxide (•O2
–) 1–4 μs 30 nm

Singlet Oxygen (1O2) 1–4 μs 30 nm

Hydroxyl radicals (•OH) 1 μs 1 nm

Hydrogen Peroxide (H2O2) 1 ms 1 μm
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nanofibers (Zhang et al., 2016). However, this homogenous 
structure is undesirable because it limits the catalytic per-
formance of the embedded particles. To fully exploit the 
antimicrobial properties of UiO-PQDMAEMA, the parti-
cles must be exposed to the fiber surface.

To address this issue, an engineered strategy was imple-
mented. The diameter of the PAN fiber backbone was opti-
mized to be smaller than that of the UiO-PQDMAEMA 
particles (d ≅ 213 nm). This optimization was based on 
understanding the fiber scaling law in electrospinning, 
where the equilibrium between the liquid’s surface tension 
and the repellent electrostatic force determines the terminal 
fiber diameter (Schaate et al., 2011):
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Here, Q is the feeding flowrate, I is the electric current in 
the system, wp is the polymer volume fraction, and γ is the 
surface tension of the polymer solution, which can be ex-
pressed as follows (Xiao et al., 2017):
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where γ0 is the constant of each liquid, n is a positive em-

pirical factor, Tc is the critical temperature and T is the 
working temperature. According to Eqn. (1), a decrease in 
γ will decrease the terminal fiber diameter. In this study, we 
rationally increased the working temperature of the poly-
mer solution to reduce the surface tension while keeping Q, 
I, and wp constant. The relative humidity (RH) was main-
tained as low as 10 % to facilitate the production of thinner 
fibers because a lower RH aids solvent evaporation (Xu 
J.W. et al., 2015). As shown in Fig. 4(c), the pure PAN fi-
bers have smooth surfaces and an average diameter of 
~139 nm. The morphology of the UiO-PQDMAEMA@
PAN filter was much rougher, with UiO-PQDAMEMA 
particles distributed on the fiber surface (Fig. 4(d)). This 
arrangement allows PQDMAEMA particles to come into 
direct contact with more bacterial cells.

Particle and Bacterial Filtration Tests. The experimen-
tal setup of the filtration tests is illustrated in Fig. 5. The 
particle filtration tests were conducted based on the interna-
tional standard (ISO 21083-1, 2018) using monodispersed 
NaCl as model particles. The system includes an atomizer 
to generate NaCl particles, a Po210 neutralizer to achieve 
Boltzmann equilibrium during charging (Tang et al., 2018), 
a differential mobility analyzer (DMA, Model 3082, TSI 
Inc.) to select specific particle sizes, and a filter system 

NH2

NH2NH2

NH2 BIBB

UiO-66-NH2 UiO-66-BIBB

QDMAEMA

ATRP

UiO-PQDMAEMA

5 μm 5 μm 

500 nm 500 nm 

(a)

(c) (d)d=139nm d=368nm

(b)

Fig. 4 (a) Synthesis route for UiO-PQDMAEMA from UiO-66-NH2, (b) Schematic electrospinning process for nanofiber fabrication, (c) SEM image 
of pure PAN fibers, (d) SEM image of UiO-PQDMAEMA@PAN fibers. Reprinted with permission from Ref. (Zhu Z. et al., 2021). Copyright: (2021) 
The Royal Society of Chemistry.
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(Fig. 5(a)). The particle filtration efficiency was calculated 
from Eqn. (3) using the upstream and downstream particle 
number concentrations measured using an ultrafine con-
densation particle counter (UCPC, Model 3776, TSI Inc.). 
The same calculation was performed using a commercial 
N95 respirator (VWR Makrite®) for comparison.
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Filtration tests for S. epidermidis (Gram-positive) and E. 
coli (Gram-negative) bacteria were conducted as shown in 
Fig. 5(b). The bacteria cells were first suspended in  
phosphate-buffered saline (PBS) solution at a density of 
107 CFU/mL. An ultrasonic nebulizer (2.4 MHz) was used 
to atomize the suspension. The generated bioaerosols were 
bombarded onto the filter surface at a flow rate of 12.5 L/
min for 1 min. The escaped bioaerosols were collected in a 
sterile PBS solution using a BioSampler (SKC Inc.). 
Eqn. (4) defines the bacterial filtration efficiency (BFE) of 
the filter.
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where Cf and Ctotal are the bacteria concentrations in the 
BioSampler with and without a filter, respectively.

As shown in Fig. 6(a), the particle filtration efficiency 
decreased until it approached the most penetrating particle 

size (MPPS), which was approximately 80 nm. The effi-
ciency of the UiO-PQDMAEMA@PAN filter in measuring 
80 nm PM was found to be ~95.4 %, which is comparable 
to the conventional N95 respirator standard in terms of PM 
filtration.

The hierarchical structures within the electrospun fibers 
of the UiO-PQDMAEMA@PAN filter likely contributed to 
its superior filtering performance when tested under the 
same pressure drop (52.3 Pa) as pure PAN filters (Chang et 
al., 2016), where more active sites for interaction between 
particles and composite electrospun fibers are available 
(Chen S.C. et al., 2014).

Another crucial parameter of mask filters is the pressure 
drop (ΔP), which affects user comfort. The quality factor 
(QF) is used to measure the pressure drop performance of a 
filter, which is defined as follows:
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As shown in Fig. 6(b), the UiO-PQDMAEMA@PAN 
fibers exhibit satisfactory QFs that are substantially better 
than those of pure PAN fibers. The minimal QF value of 
0.058 at an MPPS of 80 nm for the UiO-PQDMAEMA@
PAN filter indicates again that its peak filtration perfor-
mance is comparable to that of commercial N95 respirators 
(0.056).

In contrast to the particle filtration results, all atomized 
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Fig. 5 Schematic diagram of experimental setup for (a) particle and (b) bacteria filtration tests. Reprinted with permission from Ref. (Zhu Z. et al., 
2021). Copyright: (2021) The Royal Society of Chemistry.
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bacterial cells were captured using a UiO-PQDMAEMA@
PAN filter and a commercial N95 respirator (Zhu et al., 
2021). This is expected because bacterial cells typically 
have sizes in the range of 0.5 to 2 μm, which is much larger 
than the MPPS of the filter, i.e., 80 nm, as discussed above.

Bactericidal Evaluation. In addition to filtration mea-
surements, bacterial inactivation experiments were con-
ducted. As shown in Figs. 6(c) and 6(d), the UiO- 
PQDMAEMA filters outperformed all other control filters, 
achieving an inactivation efficiency of ~97.4 % for 
S. epidermidis and ~95.1 % for E. coli. This indicates that 
the grafted UiO-PQDMAEMA on the surface of the PAN 
fibers allows the filter to exhibit efficient bactericidal be-
havior. Numerous contacting sites of positively charged 
UiO-PQDMAEMA (N+) are responsible for capturing and 
killing bacterial cells in situ by lysing their cytoplasm 
(Gozzelino et al., 2013).

3.2 QAC@ g-C3N4/MIL-125-NH2 particles
Synthesis of photocatalysts. The heterojunction  

QAC@g-C3N4/MIL-125-NH2 (C-M-Q) photocatalyst par-
ticles were synthesized in several steps, as shown in Fig. 7.

The bare catalyst particles g-C3N4/MIL-125-NH2 (C-M) 
were first synthesized by a solvothermal method in which 
pre-synthesized g-C3N4 was suspended in the MIL-

125-NH2 precursor. The mixture was then heated in a  
Teflon-lined steel autoclave at 150 °C for 15 h (Wang H. et 
al., 2015). The C-M particles were then coated with QAC, 
where the QDMAEMA monomer was polymerized and 
grafted on the surface of C-M through ATRP (Hippeli and 
Elstner, 1997) to obtain QAC@g-C3N4/MIL-125 (C-M-Q) 
particles.

Photocatalytic performance. Synthesizing heterojunc-
tion semiconductor catalysts with proper band gap align-
ment is a promising approach to mitigate rapid charge 
recombination, i.e., better e––h+ separation to enhance 
photocatalytic performance (Hippeli and Elstner, 1997).

The band alignment between g-C3N4 and MIL-125-NH2 
was determined following the Kraut method (Kraut et al., 
1980; Zhao et al., 2019) using X-ray photoelectron spec-
troscopy (XPS) and UV-Vis spectroscopy. As illustrated in 
Fig. 8(a), the enhanced charge transfer within the hetero-
junction was achieved.

Bacterial inactivation experiments were conducted in 
PBS solution under visible light irradiation with 
S. epidermidis, which was selected as the representative 
bacterium for the POD tests. As shown in Fig. 8(b), the 
bare photocatalyst C-M exhibited an unnoticeable reduc-
tion of bacterial cells in the dark, whereas under light irra-
diation, it achieved a 1.5 log reduction, suggesting that the 
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Fig. 6 (a) Particle filtration efficiency and (b) quality factor of different filters tested using NaCl particles of 20–500 nm at a face velocity of 9.3 cm/s; 
the inactivation performance of different filters toward (c) S. epidermidis and (d) E. coli. Reprinted with permission from Ref. (Zhu Z. et al., 2021). 
Copyright: (2021) The Royal Society of Chemistry.
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bactericidal activity was mainly due to the photogenerated 
ROS in the solution rather than the toxicity of the catalyst 
itself. Interestingly, C-M-Q achieved a 1.54 log reduction 
of S. epidermis in the dark via the contact killing mecha-
nism due to the QAC coating (Kaur and Liu, 2016). When 
light was applied, a significantly enhanced bactericidal ef-
ficiency (3.2 log reduction) was obtained. Therefore, at the 
biointerface, the photogenerated ROS and the positively 
charged QAC layer exhibit cooperative antibacterial be-
havior, which significantly improves the overall bacteri-
cidal activity.

Visualization and quantification of bacteria- 
photocatalyst interactions. To further understand the inter-
actions between S. epidermidis cells and the C-M-Q sur-
face, the direct visualization and quantification of these 
interactions at the biointerface were conducted via atomic 
force microscopy (AFM) using the peak force quantitative 
nano-mechanical (QNM) mode. As shown in Fig. 9(a), 

these measurements were performed in PBS solution 
(pH 7.4) to avoid potential errors due to capillary forces 
that arose from the humid coverage of both the sample and 
the AFM tip under ambient conditions (Asri et al., 2014; 
Hoogenboom et al., 2008).

Specifically, the AFM probe was first functionalized 
with the C-M-Q particles (Figs. 9(b) and 9(c)), which were 
then used to measure the adhesion forces. Figs. 9(d)–9(f) 
display the peak force error image, adhesion map, and 
force curve of S. epidermidis cells using the pristine AFM 
probe as the control. The same results were obtained for the 
C-M-Q-functionalized probe (Figs. 9(g)–9(i)).

As seen from the measurement results, in comparison 
with the bare probe in the approach curve, the attractive 
electrostatic effects in C-M-Q were noticed much earlier 
due to the presence of a positively charged QAC layer. 
Additionally, a significantly higher adhesion force (Fadh) of 
972 pN was found between C-M-Q and the bacterial cells 

g-C3N4/MIL-125-NH2 
QAC@g-C3N4/MIL-125-NH2
QAC@g-C3N4/MIL-125-NH2

E
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h+ h+

e-

S-scheme(a) (b)
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VB

2.64eV

2.86eV

c/
c

Fig. 8 (a) Schematic illustration of band alignment and charge transfer in C-M-Q and (b) time course of the bactericidal activities of C-M-Q in S. 
epidermidis under different conditions. Reprinted with permission from Ref. (Zhu Z. et al., 2023). Copyright: (2023) Elsevier.

+ ATRP Process

g-C3N4 (C) MIL-125-NH2 (M) QDMAEMA (Q)

N+

g-C3N4/MIL-125-NH2 (C-M) QDMAEMA (Q) QAC@g-C3N4/MIL-125 (C-M-Q)

Fig. 7 Synthesis of QAC@g-C3N4/MIL-125 (C-M-Q) particles. Reprinted with permission from Ref. (Zhu Z. et al., 2023). Copyright: (2023) Elsevier.
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(Fig. 9(i)), whereas only 115 pN was detected between the 
unmodified probe and the bacterial cells (Fig. 9(f)). The 
results reflect that the positive charge modulation of the 
photocatalyst surface facilitates bacterial adhesion, which 
in turn enhances the overall bactericidal performance.

4. Conclusions and perspectives
This perspective introduces the fundamental principles 

of POD and its enhancement strategies by providing sev-
eral examples. We rationally designed and fabricated sev-
eral novel antimicrobial MOF-based particles to effectively 
kill airborne bacterial cells. Specifically, QAC polymer, a 
broad-spectrum antimicrobial agent, was carefully coated 
on the surface of MOF-based particles to form active com-
posites capable of attracting and killing bacterial cells in 
situ. These composite particles exhibit excellent antibacte-
rial activity, with contact killing and photogenerated ROS 
responsible for efficient disinfection. The results also show 
that the adhesion of bacterial cells to the catalyst surface 
significantly enhances the photocatalytic bactericidal effi-
ciency.

In addition, several perspectives are provided to further 
advance the POD technique for combating airborne patho-
gens as follows:
1) Understanding the mechanistic pathways of POD is 

crucial for designing photocatalyst particles. In particu-
lar, quantifying the characteristic times and migration 
distances of ROS and other intermediates along with 
their oxidative capacity in the system should be consid-
ered carefully.

2) The interactions between photocatalysts and pathogen 
cells should also be quantified at the molecular or 
atomic level using advanced in situ techniques, such as 
AFM and/or TEM.

3)  Achieving multifunctional MOF-based materials to 
mitigate air pollution is promising but challenging. For 
example, coating polymers around MOF materials re-
duces specific surface areas and blocks active sites, 
adversely affecting gas adsorption. Therefore, “trade-
off” effects should be seriously considered in material 
design.

4) Last but not least, the results obtained for bacterial  
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Fig. 9 AFM measurements of interactions between S. epidermidis cells and the C-M-Q photocatalyst. (a) Illustration of the AFM force measurement 
in PBS solution; SEM images of (b) the pristine AFM probe and (c) the C-M-Q coated probe; (d,e,f) and (g,h,i) show the peak force error image, ad-
hesion force mapping, and approach-retract force curves of S. epidermidis cells measured using the pristine AFM probe and the photocatalyst-coated 
probe, respectively. Reprinted with permission from Ref. (Zhu Z. et al., 2023). Copyright: (2023) Elsevier.
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inactivation may not be easily applied to other airborne 
pathogens, such as viruses and fungi. Additional work 
is required in this regard.
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Rapid development of antibiotic resistance in pathogenic bacteria and a 
decline in the pharmaceutical development of new antibiotics are 
pushing the research community to explore alternative antimicrobials 
that can replace or complement antibiotics. Bacteriophages (or, phages) 
are naturally occurring viruses that can kill bacteria with high specificity 
and can evolve to target resistant bacteria. Phages have been historically 
employed as antimicrobial agents, but they were overshadowed by the 
emergence of antibiotics. With a renewed focus on phages, it is 
important to study their clinical efficacy, safety, and formulation. 
Pulmonary infections have a large burden of global morbidity and 
frequently involve multidrug-resistant pathogens such as Acinetobacter 
baumannii, Klebsiella pneumoniae, Mycobacterium tuberculosis, and 
Pseudomonas aeruginosa. Therefore, this can be an important area of 
application of phages. Dry powder inhalers can be an effective strategy 
to deliver phages to the lungs because they are easy-to-use, portable, 
and capable of delivering a higher lung dose than oral or intravenous 
route. They also have longer shelf life and lower cold storage requirements than solutions. Therefore, the aim of the current review is to 
summarize recent findings on bacteriophage dry powder formulations, particularly focusing on the effect of various excipients and 
manufacturing factors on phage titer preservation.
Keywords: bacteriophage therapy, dry powder inhalers, antimicrobial resistance, pulmonary infection

1. Introduction
Gram-negative bacteria like Acinetobacter baumannii, 

Klebsiella pneumoniae, and Pseudomonas aeruginosa are 
a serious threat to human health due to their ability to de-
velop resistance to a broad range of antibiotics (Livermore, 
2003). For instance, a review by Livermore in 2002 re-
ported that 1 % of P. aeruginosa isolates in the USA 
showed resistance against six of the most relevant antibiot-
ics: amikacin, ceftazidime, ciprofloxacin, gentamicin, car-
bapenems, and piperacillin (Livermore, 2002). In 2014, 
51,000 cases of healthcare-associated P. aeruginosa infec-
tions were reported in the USA, and 13 % were multidrug- 
resistant (Rossolini et al., 2014).

The problem of antimicrobial resistance is intensified by 
a steadily decreasing number of new antibiotics under de-
velopment against Gram-negative pathogens over the last 
three decades (Ventola, 2015). Developing antibiotics 
against Gram-negative bacteria is less profitable for the 
pharmaceutical industry due to a shorter duration of use 

(Bartlett et al., 2013), cheaper prices, and the unpredictable 
risk of resistance development that can curtail sales (Gould 
and Bal, 2013). Given this shortage of new classes of anti-
biotics, researchers and clinicians are exploring alternative 
antimicrobial strategies like bacteriophage, antimicrobial 
peptides, quorum sensing inhibitors, biofilm inhibitors, and 
antibiotic adjuvants (Scoffone et al., 2024).

Bacteriophages are naturally occurring viruses that in-
fect bacteria. Bacteriophages that are obligately lytic infect 
bacterial cells for self-replication and release progeny 
phages through cell lysis. Progeny phages can infect other 
bacterial cells and continue the cycle of infection. Lytic 
phages can therefore be effective antibacterial agents. 
Phages have not yet been widely adopted as a treatment 
option in Western countries, but have several unique char-
acteristics: specificity to bacteria, ability to self-propagate 
in the presence of bacteria, and ability to co-evolve with 
bacteria (Loc-Carrillo and Abedon, 2011).

Respiratory infections are one of the leading causes of 
mortality. Chronic and refractory lung infections often oc-
cur in patients with compromised lungs, such as those with 
chronic obstructive pulmonary disorder (COPD) and cystic 
fibrosis (CF) (Hauser et al., 2011). The treatment of chronic 
lung infections can be complicated by inefficient drug de-
livery to the lungs, the development of multidrug resistance 
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in chronic cases, and a shortage of new antibiotics and al-
ternative antimicrobial drugs. Phage therapy can be an al-
ternative treatment option for lung infections resistant to 
antibiotics.

Phage therapy has several advantages over traditional 
antibiotics in terms of their ability to treat bacterial infec-
tions (Kortright et al., 2019): (1) Phages have a high host 
specificity, which reduces off-target effects on the natural 
microbiome of the patient. Moreover, phages do not infect 
human cells; (2) Because phages can self-replicate via the 
lytic infection of bacteria, the dose of the phage can be 
amplified in the presence of the host bacteria. This indi-
cates that phages can be used at lower doses than antibiot-
ics; (3) Phages are naturally capable of evolving to 
overcome the phage resistance mechanisms of bacteria. 
Thus, unlike antibiotics, iterations of a phage can be em-
ployed to target resistance bacteria; (4) Chronic lung infec-
tions often develop biofilms that are practically impermeable 
to antibiotics. Phages can penetrate biofilms (Chan et al., 
2018; Loc-Carrillo and Abedon, 2011), making them 
highly effective against chronic bacterial infections.

2. Efficacy of phage therapy
Phage therapy for lung infections has shown promise in 

animal studies and clinical cases. Additionally, phage ther-
apy has often been used for the treatment of bacterial infec-
tions in eastern European countries for decades (Abedon, 
2015). Some recent studies are summarized below.

2.1 Phage testing in animal models
Debarbieux et al. (2010) tested the effect of intranasal 

phage administration in acute lung infection models using 
bioluminescent P. aeruginosa (PAK lumi). The live bacte-
ria population in mice was estimated by quantifying photon 
emission. Bacteriophage (PAK-P1) pretreatment of mice 
24 h before introduction of bacterial infection using phages 
at a multiplicity of infection (phage-to-bacteria ratio) of 10 
resulted in 5 times lower photon emission after 2 h than 
phosphate buffer saline control pretreatment. All phage- 
pretreated mice survived for 16 days, whereas all mice in 
the control group died within 2 days (Debarbieux et al., 
2010). This demonstrates the great potential of preventive 
phage therapy against the known risk of bacterial chal-
lenge. 

Semler et al. (2014) showed that aerosolized phage de-
livery (Myoviridae KS12) to mice lungs resulted in a 2-log 
reduction in the median bacterial load of acute Burkholde-
ria cenocepacia (K56-2, highly antibiotic-resistant) infec-
tion in mice. Yang et al. (2015) demonstrated complete 
eradication of P. aeruginosa D9 cells in a murine hemor-
rhagic pneumonia model and 100% survival of mice using 
a single dose of an N4-like phage (YH6) with an MOI of 
0.1 administered intranasally 2 h after infection. Cao et al. 
(2015) showed that when murine pneumonia induced by 

the multi-resistant Klebsiella pneumoniae strain 1513 was 
treated intranasally with phages at an MOI of 10, 80 % of 
the mice survived. In comparison, none of the con-
trol-treated mice survived. Phage-treated mice exhibited 
reduced bacterial cell burden, lower loss of body weight, 
and exhibited lower levels of inflammatory cytokines in the 
lungs (Cao et al., 2015).

2.2 Clinical application of phages
Hoyle et al. (2018) reported phage treatment of a cystic 

fibrosis (CF) patient with a multidrug-resistant Achromo-
bacter xylosoxidans lung infection. A cocktail of two Ach-
romobacter bacteriophages (Siphoviridae family) (6 × 108 
PFU dose) was nebulized for inhalation and orally admin-
istered twice daily for 20 days. The course was repeated 
four times over a year. The patient’s lung function im-
proved significantly, dyspnea resolved, and cough reduced 
(Hoyle et al., 2018). Other clinical and animal studies on 
bacteriophage treatment have been extensively reviewed 
by Abedon (2015) and Bhadoriya et al. (2023).

By employing two or more independent modes of bacte-
rial killing, bacterial killing can be improved and the 
chance of selecting resistant mutants can be reduced  
(Torres-Barceló and Hochberg, 2016). Thus, phage cock-
tails containing two or more phages specific to a pathogen 
can improve bacterial killing and prevent development of 
resistance. The combination of phages and antibiotics has 
shown promise (Tagliaferri et al., 2019). Some phage- 
antibiotics combinations can show synergistic antibacterial 
action (Comeau et al., 2007; Kamal and Dennis, 2015; 
Ryan et al., 2012; Uchiyama et al., 2018). Ruest et al. 
(2023) demonstrated synergistic bacterial killing in some 
phage-phage and phage-colistin combinations against B. 
cenocepacia. The study also observed “phage steering”, 
where phage resistance can be exploited to re-sensitize 
bacteria to antibiotics. Some cases of phage-induced resis-
tance in Burkholderia cenocepacia altered the structure of 
its lipopolysaccharide membrane, making it susceptible to 
the action of immune components in serum and antibiotics 
that target the membrane, such as colistin (Ruest et al., 
2023).

In addition to the clinical use of phage therapies in East 
Europe, several phage therapies are currently under devel-
opment in the USA and Europe: BX004 phage by BiomX is 
under clinical evaluation for treating multi-resistant P. 
aeruginosa involved in cystic fibrosis (ClinicalTrials.gov 
ID NCT05498363). Armata Pharmaceuticals is currently 
studying the safety, kinetics, and efficacy of the inhaled 
AP-PA02 phage in subjects with non-cystic fibrosis bron-
chiectasis and chronic pulmonary P. aeruginosa infection 
(ID NCT05616221). Table 1 lists bacteriophage products 
currently under development.
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3. Powder formulation of bacteriophages for
inhalation

Successful phage treatment depends on the delivery of a 
high phage titer to the infection site. Pulmonary delivery of 
a wide variety of drugs shows higher target site deposition 
and thus requires a lower dose than parenteral or oral deliv-
ery.

Nebulization, pressurized metered-dose inhalers (pMDIs), 
 and dry powder inhalers are the most common pulmonary 
drug delivery methods. Dry powder inhalers stand out as a 
dosage form for inhaled delivery because they are portable 
and easy to use by patients (Kwok and Chan, 2014; Zhou et 
al., 2014). These can deliver a higher dose of the drug 
substance to the lungs in a shorter time than nebulizers and 
pMDIs. Importantly, dry powders tend to be physically and 
chemically more stable than solutions or suspensions (Ke 
et al., 2022). It is especially beneficial to formulate labile 
biological drugs like proteins, viruses, and monoclonal an-
tibodies as dry powders because of their improved storage 
stability (Santana et al., 2014; Walters et al., 2014). There-
fore, this review focused on the formulation of bacterio-
phages as inhaled dry powders.

Chang et al. (2018) conducted a proof-of-principle study 
to investigate the in vivo effects of phage dry powders on 
Pseudomonas aeruginosa infection (Fig. 1). The lungs of 
neutropenic mice were infected using a suspension of 
FADDI-PA001 bacteria via intratracheal instillation, which 
resulted in an average load of 3.4 × 105 CFU/lung. Phage 
powders were administered intratracheally at a dose of 
1.4 × 107 to 1.2 × 108 PFU/lung. After 24 h, the phage-
treated mice had a 5.3 log10 lower bacterial count than the 
untreated mice (Chang et al., 2018).

Dry powders for inhalation are often engineered to have 
appropriate aerodynamic particle size and physicochemical 
properties that facilitate their efficient delivery to the lungs 

(Hoppentocht, 2016; Ke et al., 2022). These powders 
should resist physical changes that can occur due to mois-
ture sorption and agglomeration during storage because 
these can affect their dispersion. Furthermore, the formula-
tion of biological drugs as dry powders presents additional 
requirements. Biologic drug substances, including phages, 
are highly susceptible to loss of therapeutic activity due to 
external stresses. It is important to design a manufacturing 
method and select formulation components that minimize 
phage inactivation during processing and storage.

Dry powders for inhalation are commonly prepared by 
spray drying, lyophilization-micronization, spray freeze 
drying, or blending micronized powders with lactose car-
rier particles. The requirement for higher antimicrobial 
drug doses limits the use of lactose carrier blends because 

Table 1  Bacteriophage products and their status of clinical evaluation as of May 5, 2024.

Product name Company Target 
pathogen

Site of infection 
and comorbidity

Mode of delivery Development stage Trial ID

BX004 BiomX P. aeruginosa Lungs with
cystic fibrosis

Not known Part 2 of Phase 1b/2a 
was completed 
successfully

NCT05498363

BX211 BiomX S. aureus Diabetic foot 
osteomyelitis 
(DFO)

Not known Ongoing phase 2 
study

Tailwind 
(AP-PA02)

Armata 
Pharmaceuticals

P. aeruginosa Noncystic
fibrotic 
bronchiectasis

Inhaled Recruiting patients for 
phase 2

NCT05616221

SWARM P.a. 
(AP-PA02)

Armata 
Pharmaceuticals

P. aeruginosa Lung with cystic
fibrosis

Inhaled Phase 1b/2a study has 
been completed

NCT04596319

AP-SA02 Armata 
Pharmaceuticals

S. aureus Bacteremia Not known 
(Adjunct to 
antibiotic therapy)

Recruiting patients for 
phase 1b/2a

NCT05184764
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Fig. 1 Comparison of PEV20 phage dry powder treatment (1.4 × 107 to 
1.2 × 108 PFU/lung) and no treatment on the bacterial load of Pseudomo-
nas aeruginosa FADDI-PA001 in a mouse lung infection model at 4 and 
24 h after infection, reprinted with permission from Ref. (Chang et al., 
2018). Copyright (2018) American Society for Microbiology.
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of the high powder burden (Patton and Byron, 2007). Spray 
drying is a particle engineering technology involving hot 
air flow to dry an atomized solution or suspension (Fig. 2). 
Lyophilization is the process of freezing and removing 
moisture from a drug solution at low temperature and pres-
sure via sublimation. Lyophilized dry cake can be micron-
ized to generate inhaled dry powder (Golshahi et al., 2011). 
Spray freeze drying involves vacuum or atmospheric dry-
ing of frozen atomized drug solution droplets generated by 
rapid exposure to liquid nitrogen or other cryogens (Fig. 3).

Several studies have investigated the preparation of dry 
powder phage formulations using spray drying, wherein 
they study the effects of manufacturing parameters and ex-
cipients on formulation stability and aerosol performance. 
During spray drying, the phage formulation is exposed to 
shear, thermal, and desiccation stresses (Leung et al., 2016; 
Matinkhoo et al., 2011; Vandenheuvel et al., 2013). These 
stresses can induce denaturation of the capsid protein, 
breakage of the tail, or loss of enclosed nucleic acid mate-
rial, which can cause the phage to lose its ability to infect 
host bacteria.

Sugars like trehalose, lactose, and sucrose are commonly 

used as lyoprotectants in protein formulations because they 
prevent protein denaturation in the absence of water. Sug-
ars are believed to have glass-forming ability that can im-
mobilize proteins in their native conformations (Chang and 
Pikal, 2009). Another mechanism of stabilization attributed 
to sugars is their ability to form hydrogen bonds with pro-
teins (Grasmeijer et al., 2013). In this way, sugars replace 
hydrogen-bonding interactions between proteins and water. 
It is possible for one or both mechanisms to be responsible 
for protein stabilization. Because a phage body is essen-
tially a complex assembly of proteins enclosing nucleic 
acids, it can also be stabilized in the dry state using sugars. 
Several studies have investigated the ability of these sugars 
to stabilize phages during drying and subsequent storage. 
Indeed, phages were shown to be stable when the glass 
transition temperature of the sugar matrix was 46 °C above 
the storage temperature, which supports the role of immo-
bilization by the glassy matrix in phage stabilization 
(Chang et al., 2020).

There are limited studies on the formulation of bacterio-
phages as dry powders for inhalation. These studies se-
lected diverse phages that target multidrug-resistant strains 
of pathogenic bacteria like Pseudomonas aeruginosa, 
Burkhoderia complexes, and Acinetobacter baumannii. 
Most of these studies focused on spray drying to manufac-
ture inhalable phage formulations (Chang et al., 2017; 
Leung et al., 2017; Matinkhoo et al., 2011). Other studies 
have explored spray freeze drying and a combination pro-
cess of lyophilization-milling (Golshahi et al., 2011; Leung 
et al., 2016). The main objective of these studies was to 
determine processing conditions and excipient combina-
tions that minimized the loss of phage viability during 
preparation and/or storage.

The number of viable phages is generally quantified us-
ing a double-agar plaque assay, which is considered the 
gold standard biological assay and is based on the interac-
tion of a phage with its host bacteria (Ács et al., 2020). A 
phage sample is suspended and serially diluted. These di-
luted suspensions are poured over a lawn of actively grow-
ing host bacteria and incubated. The active phages in the 
solution infect the bacteria and begin the lytic cycle of 
phage propagation. Over time, bacterial cell lysis can cause 
visible plaques to appear on the surface of the bacterial 
lawn; each plaque ideally represents one active parent 
phage in the sample. The plaque count and dilution factor 
are then used to determine the active phage titer of the 
sample. Phage titers are therefore reported as plaque- 
forming units (PFUs) per mL. Because phage titers can 
vary over several orders of magnitude, change in phage ti-
ter is commonly reported as logarithmic change (base 10).

A subset of dry powder formulation studies on phages 
also determined the in vitro aerosol performance of the 
phage formulations and estimated the viable phage dose 
that could be delivered to the lungs. This is commonly  

Drying gas

Exhaust gas

Drying chamber

Atomizer

Liquid feed

Dry particle collector

Cyclone

Fig. 2 Schematic of the spray drying process. Created on BioRender.
com.

Liquid Feed

Liquid nitrogen
Frozen droplets Freeze drying

Nozzle

Fig. 3 Schematic of spray freeze drying. Created on BioRender.com.
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referred to as the lung dose or fine particle dose/fraction 
(FPF) of the formulation. The lung phage dose of a dry 
powder formulation is a function of particle aerodynamic 
diameter, particle morphology, cohesive and adhesive par-
ticle forces (Ke et al., 2022), as well as the formulation’s 
capability to protect phages from damage due to shear and 
impaction forces during powder dispersion and inhalation.

Some of the most important studies on phage formula-
tions are summarized here, with a focus on the most im-
portant excipients for phage preservation and aerosol 
performance in dry inhalable powders (Table 2).

3.1 Spray drying
Chang et al. (2017) screened a series of excipients to 

stabilize phages during spray drying: trehalose, lactose, 
mannitol, glycine, leucine, PEG3000, and Pluronic F68. 
They employed three phages—PEV1, PEV20, and PEV61 
—that showed antimicrobial activity against 90 clinical 
and multidrug-resistant strains of P. aeruginosa. Trehalose 
and lactose were screened as the best excipients for pre-
serving phage viability during spray drying. Then, different 
sugar-to-leucine ratios were studied for phage preservation 
during spray drying. Higher sugar concentrations relative 
to leucine offered better protection. However, the highest 
sugar concentrations were not the best. The lowest titer loss 
was observed for all three phages with 20–5 mg/mL and 
17–8 mg/mL sugar-leucine formulations for each sugar. 
Lactose provided better phage protection than trehalose, 
with titer loss of 0.3–0.4 and 0.5–0.9 logs, respectively. 
Leucine content in the formulation affected particle size 
and morphology. In formulations with high leucine concen-
trations, spherical particles of sizes less than 3 μm were 
obtained. Without leucine, particles agglomerated, which 
was unsuitable for inhalation. Aerosol performance analy-
sis (MSLI) of the spray-dried formulations screened for 
high phage stability exhibited a fine particle fraction (FPF) 
greater than 50 %. The highest FPFs (65–67 %) were ob-
served in formulations containing 0.0027 mg/mL Pluronic 
F68 (Chang et al., 2017).

It has been reported that leucine, which is usually in-
cluded to improve powder dispersibility, can protect 
phages from thermal and desiccation stress during spray 
drying by forming a crystalline shell on the particle surface 
and displacing the phage particles to the core (Ke et al., 
2022). It also offers moderate protection from moisture 
absorption during storage, which prevents crystallization of 
the amorphous sugar matrix (Li et al., 2016; 2017). How-
ever, leucine alone is a poor stabilizer of proteins in dry 
powders because it has a strong tendency to crystallize, 
which can cause phase separation of biologics from the 
protective matrix (Chen et al., 2021).

Spray dried powders containing phage cocktails were 
studied by Matinkhoo et al. (2011). The excipient matrix 
included trehalose (76 %), leucine (20 %), and optionally a 

third excipient (2 % of Pluronic surfactant, tyloxapol sur-
factant or casein Na salt). Casein was tested as a potential 
thermal stabilizer of phages based on the protective effect 
of milk on phages. The two surfactants were added to aid 
phage dispersion in the feed suspension for spray drying. 
Different phages showed varying losses from the spray 
drying process; but all phages in general experienced ap-
proximately 0.5 log losses. To measure the delivered lung 
dose, powder was dispersed through an Aerosolizer® in-
haler and an Alberta Idealized throat. The trehalose- 
leucine-casein matrix with a mass ratio of 0.76:0.19:0.02 
provided the most consistent delivery of powder mass to 
the lungs (approx. 70 %) across all phages/cocktails 
(Matinkhoo et al., 2011).

Similarly, in a study by Leung et al. (2017), PEV2, a 
Pseudomonas phage, was spray dried into powder matrices 
with various compositions of trehalose (0–80 %), mannitol 
(0–80 %), and L-leucine (20 %). Trehalose content >40 % 
helped preserve phages with 1.3 log loss. At 0 % and 20 % 
trehalose, log titer losses were 2.4 and 5.1, respectively. 
Mannitol and leucine did not provide protection when used 
alone. The recovery and respirable fraction of phages were 
measured using an Osmohaler at 100 L/min for 2.4 s. All 
formulations had FPF values of 40–48 %. Low phage re-
covery was observed during aerosol testing (20–53 %), 
which was attributed to the inactivation of phages on the 
particle surface due to impaction with the inhaler and other 
surfaces (Leung et al., 2017).

These studies highlight the protective effects of sugars, 
such as trehalose, lactose, and sucrose on proteins and 
other biological drug materials against the drying and ther-
mal stresses of spray drying.

Another interesting excipient for spray-dried biological 
formulations is mannitol. Mannitol usually has a poor sta-
bilizing effect because it tends to crystallize swiftly after 
spray drying and thus does not form an amorphous matrix 
with biologics. However, when used in a smaller fraction 
with glassy sugars, it may help prevent protein aggregation 
and deamidation as long as mannitol does not crystallize in 
the solid matrix (Cleland et al., 2001; Leung et al., 2017; 
Yan et al., 2021).

Yan et al. (2021) studied the formulation of the anti- 
Acinetobacter baumannii Myoviridae phage AB406 as 
spray-dried powders consisting of three excipients: treha-
lose (40–80 %), mannitol (40–0 %), and L-leucine (20 %). 
Three total solid contents (20, 40 and 60 mg/mL) were as-
sessed. The titer loss due to spray drying was found to be 
around 0.3–0.5 log for all compositions. Both trehalose- 
leucine and trehalose-mannitol-leucine systems were simi-
lar in their ability to stabilize the phage. In contrast to the 
study by Leung et al. (2017), the addition of 40 % mannitol 
did not reduce the survival of AB406 phages after spray 
drying. The formulations with mannitol had significantly 
more stable phage titers during storage at room temperature 
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and <20 % relative humidity (RH) than trehalose-leucine 
only formulations (Yan et al., 2021). This result was at-
tributed to the superior ability of mannitol to prevent pro-
tein aggregation and deamidation compared with 
disaccharides alone (Cleland et al., 2001). Contrary to the 
expectations of higher protein stabilization in a glassy ma-
trix, the 40 % mannitol formulation with a low glass transi-
tion temperature (Tg) (~15 °C) was more stable than the 
80 % trehalose formulation (Tg~110 °C), indicating that Tg 
alone may not be a good indicator of phage stability in dry 
powders. The aerosol performance of the formulations was 
measured at low humidity: formulations with higher man-
nitol content and lower total solid content showed higher 
FPF (Yan et al., 2021). The authors explain this trend to be 
due to the ability of mannitol to prevent particle merging 
under dry conditions and the slightly smaller particle sizes 
of the formulations with lower total solid content. How-
ever, exposure to 65 % moisture for 1 h before aerosol 
testing caused a composition-dependent reduction in FPF: 
the highest reduction was observed with 20 % mannitol 
(>30 %), followed by 40 % mannitol (15 %) and 0 % man-
nitol (~ 5 %). This was attributed to higher moisture uptake 
and recrystallization of mannitol in the formulation with 
20 % mannitol (and 60 % trehalose), which could have led 
to the formation of strong agglomerates or aggregates (Arte 
et al., 2024).

In a study by Vandenheuvel et al. (2013), Pseudomonas 
phage LUZ19 and Staphylococcus phage Romulus were 
formulated using spray drying. Trehalose showed good 
phage stabilization, whereas lactose and dextran 35 exhib-
ited poor phage stabilization. The authors concluded that 
the reducing property of lactose can damage the protein 
structure of phage particles and reduce their infectivity. 
Poor phage survival in the presence of Dextran 35 was re-
lated to insufficient H-bonding capacity of dextran to phage 
particles after dehydration (Vandenheuvel et al., 2013). The 
effects of two inlet temperatures (85 °C vs. 100 °C) and 
two atomization air flow rates (6 L/min vs. 12 L/min) on 
the formulation phage titer were tested. Lower inlet tem-
perature and atomization flow rates favored phage viability. 
At identical spray drying parameters and excipient compo-
sitions, the Romulus phage experienced much higher titer 
loss than the LUZ19 phage. This could be attributed to the 
larger and more delicate structure of the former, which in-
creased its susceptibility to the shear stress of spray drying 
(Vandenheuvel et al., 2013).

This group later studied the storage stabilities of spray-
dried LUZ19 and Romulus phage formulations at two 
temperatures (4 °C and 25 °C) and two humidity condi-
tions (0 % and 54 %RH) for 12 months (Vandenheuvel et 
al., 2014). Trehalose 4 % w/v was used as the stabilizer. At 
54 %RH, regardless of temperature, the powders absorbed 
moisture and trehalose crystallized (forming trehalose di-
hydrate), resulting in the loss of phage viability over time. 

Storage at 25 °C caused thermal instability of the phages; 
phage loss was observed at both 0 % and 54 %RHs. At 0 % 
RH and 25 °C, phage loss occurred in the absence of treha-
lose crystallization.

In a study by LeClair et al. (2016), a human type 5 ade-
noviral vector (AdHu5) was formulated as a dry powder 
via spray drying to improve storage stability. Three excipi-
ent systems were tested: 100 % leucine, 90/10 lactose/ 
trehalose, and 67/33 mannitol/dextran. The loss of viability 
of the viral vector due to spray drying were 2.6 ± 0.5 log 
for leucine, 0.7 ± 0.1 for trehalose/lactose, and 0.3 ± 0.1 log 
for mannitol/dextran. The authors explained this to be due 
to different degrees of encapsulation within the excipient 
matrix shell during droplet drying. The mannitol/dextran 
matrix encapsulated the virus particles better than other 
excipients because of the lower diffusion rate of dextran 
than disaccharides, which can cause it to precipitate at the 
surface (LeClair et al., 2016). The morphological analysis 
showed that the encapsulation of the virus was better in the 
trehalose/lactose matrix than the crystalline leucine matrix. 
The effects of temperature and ambient humidity on the 
storage stability of phages in the solid matrix were also 
studied. The mannitol/dextran matrix provided the best 
thermal stability for the vector, showing 0.7 log loss at 
20 °C and 10 %RH after 90 days, followed by trehalose/
lactose with 3.1 log loss and leucine with 4.0 log loss. The 
lower phage stability observed in the lactose/trehalose ma-
trix than in the mannitol/dextran matrix was attributed to 
the mobile amorphous state of the lactose/trehalose matrix. 
When the formulations were exposed to 45 %RH, all three 
formulations showed dramatically higher titer losses, 
which was attributed to moisture absorption and increased 
matrix mobility (LeClair et al., 2016). Excellent stabiliza-
tion of phage in the mannitol/dextran matrix was in con-
trast with their poor stabilizing properties reported in other 
studies (Leung et al., 2017; Vandenheuvel et al., 2013). 
This result indicates that virus identity and manufacturing 
conditions strongly affect the stabilizing potential of excip-
ient combinations.

Carrigy et al. (2019) studied the effects of atomizing 
method and type of spray dryer on the formulation of Myo-
viridae bacteriophages CP30A and CP20 that target Cam-
pylobacter jejuni. Trehalose (22.5 mg/mL) and leucine 
(7.5 mg/mL) were used as excipient matrix to stabilize the 
phage. The twin-fluid atomizer caused less phage inactiva-
tion (0.4 log10) than the vibrating mesh atomizer (0.8 log10). 
Desiccation was more detrimental to phage viability than 
atomization (for both mesh nebulization and two-fluid at-
omizer): ~ 2.0 log loss was attributed to the drying process 
alone (Carrigy et al., 2019). This loss was quantitatively 
equivalent to room-temperature air drying loss (for 48 h), 
indicating high phage sensitivity to desiccation stress. The 
study also compared the titer loss between two spray dry-
ers, B-90 and B-191. B-90, which does not have a cyclone 
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for particle collection and uses electrostatic separation 
technology, showed a higher loss of phages than B-191. 
The authors inferred that cyclone separation of dry parti-
cles caused less damage to phage viability than electro-
static separation.

Another study by this group investigated the effect of 
trileucine, pullalan, or leucine in combination with treha-
lose on phage viability loss due to spray drying (Carrigy et 
al., 2020). Pullalan (1.0 log PFU reduction) exhibited sig-
nificantly less viability loss than leucine (1.7 log) when 
used in combination with trehalose (20–100 mg/mL).  
Trileucine-trehalose (4–100 mg/mL) combination showed 
excellent phage stabilization: overall, 0.6 log PFU loss was 
observed after spray drying and 1 month of dry storage at 
room temperature. The authors attribute the phage stabili-
zation of trileucine and pullulan to their ability to form 
amorphous shells around phage particles during spray dry-
ing, which can protect phages from direct exposure to des-
iccation stress. On the other hand, leucine-trehalose 
formulation showed a higher titer loss than trileucine and 
pullulan. This phage loss is likely due to destabilization 
associated with phase separation from the crystalline leu-
cine and possible breakage by the growing crystals. Com-
pared with the combination, trehalose and pullulan alone 
resulted in a higher phage loss of 2.4 log during spray dry-
ing.

3.2 Lyophilization and spray freeze drying
S. aureus phage (ISP) was developed into solids using 

lyophilization (Merabishvili et al., 2013). The effects of 
different excipients and their concentrations on phage sta-
bility during lyophilization and storage were studied. Tre-
halose and sucrose were found to be the best stabilizers 
among the different excipients studied. The smallest phage 
losses after lyophilization were observed with 0.8 and 1 M 
sucrose, showing only 0.4–0.5 log loss. Activity reduction 
over 27 months of storage at 4 °C for all trehalose and su-
crose formulations was within 1 log, except for 0.3 M tre-
halose. The storage stability of phage in solid lyophilized 
formulations was compared to that in Luria Bertani broth 
and 0.9% saline. (Merabishvili et al., 2013). ISP was stable 
in LB showing only 1 log loss after 21 months. However, 
phage loss occurred steadily in the saline: 1 log loss after 
12 months and, a further 1 log loss after 21 months. Lyo-
philized formulation with glycine provided minimal pro-
tection because glycine crystallized during lyophilization. 
After lyophilization with 0.1 or 0.5 M mannitol, high loss 
of phages (8 and 4 log, respectively) was observed. This 
result was attributed to the crystallization of mannitol.

Polymers may stabilize lyophilized proteins due to their 
preferential exclusion, surface activity, steric hindrance to 
protein interaction, and increased solution viscosity (Wang, 
2000). However, 1 % and 5 % PVP solutions showed com-
plete phage inactivation before lyophilization, as reported 

by Merabishvili et al. (2013). Lyophilization with polyhy-
dric polymeric solvent PEG 6000 at 1 % and 5 % showed 
log titer losses of 1.8 and 5.0, respectively. The authors also 
found that the type of phage significantly affects their sur-
vival after drying, and processing conditions are not the 
sole determinants of phage stability. Therefore, lyophiliza-
tion conditions must be optimized for each individual 
phage (Merabishvili et al., 2013).

Golshahi et al. (2011) prepared inhalable phage formula-
tions via lyophilization followed by milling. Bacterio-
phages KS4-M and ΦKZ were lyophilized in a 60–40 w/w 
lactose-lactoferrin matrix and milled in a mixer mill (with-
out beads) for 5 min to generate respirable powders. Lacto-
ferrins are antimicrobial peptides naturally found in the 
secretory fluids of mammals. The combination of lactofer-
rin and phages for treating persistent bacterial infections 
has been a topic of interest (Kosznik-Kwaśnicka et al., 
2022; Zarzosa-Moreno et al., 2020; Zimecki et al., 2008). 
No significant loss of viability was observed for either 
phage after lyophilization-milling processing (Golshahi et 
al., 2011). The mass median aerodynamic diameter and 
geometric standard deviation of the powder were 3.4 and 
1.9 µm as measured using Anderson Cascade Impactor.

A novel technique called atmospheric spray freeze dry-
ing was used to prepare dry powders of D29 phages with 
trehalose and mannitol (Ly et al., 2019). The process in-
volved two steps: (i) spray freezing of the phage-excipient 
suspension in a chamber cooled to −130 °C using liquid 
nitrogen, and (ii) atmospheric drying of the frozen solution 
by streaming progressively warmer air through the cham-
ber, starting with a 2 h hold at −20 °C. The phage titer 
losses were 3.0 log for 1:1 trehalose-mannitol, 0.8 log for 
7:3 trehalose-mannitol, and 1.5 log for 1:0 trehalose- 
mannitol (Ly et al., 2019). The presence of a lower concen-
tration of mannitol appears to improve phage protection in 
the matrix; a higher fraction of mannitol in the matrix may 
lead to significant mannitol crystallization, leading to phase 
separation of the phages from the matrix.

In a study by Leung et al. (2016), the Pseudomonas 
PEV2 phage was formulated using two manufacturing 
methods: spray drying (SD) and spray freeze drying (SFD). 
For each method, two formulations were tested: 60-20-20 
(F1) and 40-40-20 (F2) trehalose-mannitol-leucine. Phage 
titer loss and in vitro aerosol performance were studied for 
each formulation. Phage loss during droplet generation was 
higher with the ultrasonic nozzle (used for SFD) than the 
2-fluid nozzle (used for SD) (2 log vs 0.75 log). However, 
the evaporative drying step (post-spraying) of SD caused 
greater damage to phage titer than the freeze-drying step of 
SFD. It is interesting to note that overall, phage titer loss 
was lower for spray-dried formulations than for spray 
freeze-dried formulations in this study (Leung et al., 2016). 
When different compositions were considered, SFD-F1 
exhibited better phage preservation than SFD-F2. This  
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result was attributed to a higher amount of trehalose in F1 
than F2. However, SD-F1 and SD-F2 did not differ in terms 
of overall phage titer loss. The recovery of phages during in 
vitro aerosol testing varied substantially between SD and 
SFD (20 % vs 80 %) (Leung et al., 2016). Nonetheless, 
higher total lung phage doses (in PFU) were obtained for 
SD than for SFD.

4. Current challenges in phage therapy
Phages are an effective treatment option for difficult 

bacterial infections because of their specificity and adapt-
ability. However, phage therapy has certain drawbacks and 
faces important hurdles: (1) Despite some animal studies 
and clinical cases that support the efficacy and safety of 
phages, they are a unique and novel class of drugs for 
which the regulatory pathway of development is yet to be 
paved (Kortright et al., 2019). (2) Phages need to be se-
lected specifically for a patient’s needs because phages 
have a narrow host range. This can limit the accessibility of 
phage treatments and complicate the design of phage prod-
ucts for broader applications (Bhadoriya et al., 2023). It is 
also critical to select a phage that obligately infects and 
kills bacteria. (3) The FDA requires phages to be thor-
oughly evaluated for possible safety concerns. For in-
stance, phages should not contain genes that express 
metabolites toxic to humans (Kortright et al., 2019), and 
they should not be able to transfer genes between bacteria 
(Doub, 2021). Finally, it is important to assess the risk of 
endotoxin release from lysed bacterial cells during phage 
product preparation and during its action in humans 
(Kortright et al., 2019). (4) Research on the interaction of 
phages with the human immune system is still in its infancy 
(Loc-Carrillo and Abedon, 2011; Roach et al., 2017). (5) 
Due to the omnipresence of phages in the environment, 
humans may possess neutralizing antibodies. Thus, thera-
peutic phages may be rendered ineffective by human im-
mune mechanisms (Kortright et al., 2019). However, a 
recent article by Roach et al. (2017) showed that the innate 
immune response is important for the treatment of respira-
tory bacterial infection using phages. The results also 
highlight the ability of the host innate immune response to 
kill phage-resistant subpopulations of bacteria if a substan-
tial fraction of the bacteria is phage-sensitive. Moreover, 
phages were well tolerated by the subject and were not 
neutralized by the immune system (Roach et al., 2017). (6) 
Phages are deemed unfit to target intracellular bacteria such 
as Mycobacterium tuberculosis (Kortright et al., 2019). (7) 
Bacteria can inevitably develop mechanisms to evade a 
specific phage, and in turn, the phage would need to be 
modified to target resistant bacteria. Therefore, it is import-
ant to employ strategies such as phage cocktails (Gordillo 
Altamirano and Barr, 2021) and phage-antibiotic combina-
tions (Tagliaferri et al., 2019) that can delay resistance de-
velopment and improve bacterial killing.

There are currently important challenges associated with 
the formulation of phages as dry powders: (1) Based on the 
review of reported literature on phage formulation, each 
phage is unique in its stability properties in the solid state; 
thus, its manufacturing and formulation must be optimized 
on a case-by-case basis. This can make developing dry 
powders cumbersome for phages. Due to the relative ease 
of formulation, most clinical applications of phages em-
ploy nebulization (Chang et al., 2018); (2) There is limited 
understanding of optimal phage dose, dose frequency, ad-
ministration timing, and suitable combinations (phage–
phage or phage–antibiotics) for a plethora of indications. 
Specifically, optimal phage therapy for treating polymicro-
bial or chronic infections has yet to be thoroughly investi-
gated in animal or human subjects; (3) Plaque assay is an 
essential test for quantifying active phages in a formula-
tion. However, due to its inherent variability, it is difficult 
to quantify small reductions in phage titers caused by de-
stabilization during storage (Bodier-Montagutelli et al., 
2017). This can make long-term storage stability data am-
biguous. The variability of this assay also affects the accu-
racy of viable phages in the fine particle fraction of a dry 
powder, which is an important indicator of the efficiency of 
lung delivery; (4) The correlation between real-time and 
accelerated storage stability of phages is not well estab-
lished, so storage stability assessment of formulations re-
quires long durations of time; (5) Finally, the characterization 
of phage cocktails and phage-antibiotic combinations using 
plaque assays is complex. It is challenging to differentiate 
phages and determine their individual stability in a phage 
cocktail using plaque assays. For phage-antibiotic combi-
nation formulations, the antibiotic component can eradicate 
the host bacteria used for plaque assay before phage infec-
tion, which can interfere with plaque formation.

5. Conclusion
Bacteriophages are important alternative antimicrobial 

agents against multidrug-resistant pathogens. Although 
phages have a long path to regulatory approval as therapeu-
tic agents, they hold great promise as adjuvants to antibiot-
ics. Therefore, it is important to determine formulation 
strategies that preserve bacteriophage activity and stabilize 
them for long-term storage. Inhalable dry powders could be 
a viable treatment option for pulmonary infections. The dry 
state of the formulation better preserves biological activity 
than solutions or suspensions. This review summarized 
some important findings on the formulation of bacterio-
phages as inhaled dry powders.

The formulation of phages as dry powders with different 
excipients and processing conditions resulted in different 
outcomes in previous studies. Some general trends are ob-
served in these studies, such as the prominence of treha-
lose, lactose, and sucrose as lyoprotectants compared with 
other excipients, such as mannitol, leucine, glycine, and 
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polymers. Mannitol may not be a good stabilizer on its 
own, but its tendency to crystallize after drying may im-
prove the particle structural integrity. Leucine is widely 
used in dry powder formulations to improve aerosol perfor-
mance. Because the amphiphilic nature of leucine leads to 
its mobilization to the droplet surface during spray drying, 
it may reduce the accumulation of phage units on the parti-
cle surface. Phages present on the surface can be deacti-
vated by thermal, desiccation, and mechanical stresses; 
thus, leucine may reduce phage inactivation during spray 
drying and dose delivery (dispersion). The hydrophobic 
and crystalline shell of leucine also reduces moisture ad-
sorption by the particles. In addition to these general 
trends, the effects of excipient composition and drying 
process on the viability loss of phages appeared to depend 
on the type of phage. Screening of excipients and optimiza-
tion of processing conditions for phage stabilization in dry 
powder must be performed for each phage product individ-
ually. Overall, phage therapy development is still in in-
fancy, and more fundamental and clinical studies are 
warranted to make full use of its therapeutic potential in 
tackling the global healthcare crisis of antibiotic resistance.

Nomenclature
CFU Colony-forming units
FPF Fine particle fraction
PFU Plaque-forming units
RH Relative humidity
SD Spray drying
SFD Spray freeze drying
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Recent Advances in Nitride Composites for Effective Removal 
of Organic Dyes in Wastewater Treatment †

Wenjea J. Tseng
Department of Materials Science and Engineering, National Chung Hsing University, Taiwan

The presence of organic dyes from industrial effluents has caused 
growing environmental and human health concerns. Various 
remediation methods and materials are available to minimize the 
environmental impact and ensure safe drinking water. Nitride composite 
particles have recently emerged as one of the promising materials for 
the efficient and selective removal of toxic and hazardous substances 
(including organic and inorganic compounds) from industrial 
wastewater. This review summarizes recent advances in the disposal of 
organic dyed wastewater using advanced nitride composite particles, 
including graphitic carbon nitride-based nanocomposites, boron nitride composites, and two-dimensional transition metal nitrides. The 
selection of appropriate materials remains largely a trial-and-error approach at present. This review highlights multiple dye-removal 
mechanisms, such as photocatalytic degradation, dye-sorption behavior, and computational analysis, to aid the material selection and shed 
light on the interactions between organic dye contaminants and nitride composites.
Keywords: nitride, composite, dye removal, adsorption, photocatalysis

1. Introduction
Water is an essential resource for life on Earth, and its 

quality is vital for the health and well-being of both humans 
and the environment. According to a United Nations report, 
an estimated 47 % of the world’s population will face a 
clean-water shortage by 2030 (Connor, 2015). Population 
growth, urbanization, and anthropogenic activities contrib-
ute to the increasing global water demand by 50 % by the 
year 2050 (Connor, 2015). Wastewater, the water dis-
charged after use in households, industries, and agriculture, 
has already become a significant source of pollution that 
might have severe consequences for the environment and 
human health. Failure to treat the wastewater properly may 
harm public health since the untreated wastewater might 
contain harmful microorganisms, viruses, and chemicals 
that can cause diseases (Dickin et al., 2016; Adegoke et al., 
2018; Choudri and Charabi, 2019). Removal of these harm-
ful contaminants reduces the risk of waterborne illnesses. 
In addition, eutrophic wastewater may contain nutrients 
like nitrogen and phosphorus that can cause excessive al-
gae growth in water bodies, leading to oxygen depletion 
and fish kills (Lapointe et al., 2015; Preisner et al., 2020, 
2021). Toxic chemicals in untreated wastewater may also 
harm aquatic life, damage ecosystems, and enter the food 
chain (Al-Tohamy et al., 2022; Hamidian et al., 2021; 

Islam et al., 2021; Saravanan et al., 2021). Treating waste-
water protects the environment and helps conserve water 
resources by reducing the demand for freshwater resources, 
ensuring sufficient water to meet the needs of people and 
industries.

Textile and pigment industries significantly contribute to 
the global economy and environmental pollution. The 
global market of dyes and pigments was valued at USD 
38.2 billion in 2022 and may grow at a compound annual 
growth rate of 5.3 % from 2023 to 2030 (Market Analysis 
Report, 2023). The market forecast indicates a growing 
demand for colorants worldwide, which consume over a 
million tons of dyes annually (Singh and Arora, 2011; 
Al-Tohamy et al., 2022). Using organic dyes in textile and 
pigment industries can thus have negative environmental 
and health impacts if not properly managed (Lellis et al., 
2019). Industries must adopt sustainable and responsible 
practices, such as eco-friendly dyes and proper wastewater 
treatment, to minimize environmental and health impacts.

More than 100,000 commercial dyes have been reported 
on the market (Yagub et al., 2014). Some of the most com-
mon organic dyes used in textile industries include: i) reac-
tive dyes for their color fastness and ability to bond with a 
wide range of fabric fibers, ii) acid dyes for their bright and 
vibrant colors to wool, silk, and nylon fibers in fabrics, iii) 
disperse dyes for their ability to bond with the synthetic fi-
bers with color fastness, iv) direct dyes for dyeing cellu-
losic fibers with their ease of use and affordability, v) vat 
dyes for their excellent color fastness to stain cotton, rayon, 
and other cellulosic fibers, and vi) sulfur dyes for dyeing 
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cellulosic fibers such as cotton and rayon with affordable 
price and good color fastness (Bechtold et al., 2007; 
Degano et al., 2009; Zollinger, 2003). Similarly, the pig-
ment industry uses a wide range of organic dyes to produce 
colorants, including: i) azo dyes consisting of the azo group 
(–N=N–) as the chromophore for their bright and vibrant 
colors, ii) phthalocyanine dyes for their blue and green 
hues, iii) anthraquinone dyes for their lightfastness and 
color fastness, iv) quinacridone dyes for their bright and 
vivid colors, v) indigo dyes for their blue color in the pro-
duction of denim, and vi) perylene dyes for their lightfast-
ness and good color fastness (Zollinger, 2003).

The vast compositional diversity and structural com-
plexity of the organic colorants used in the textile and pig-
ment industries inevitably make complete dye removal an 
insurmountable task in wastewater treatment. Various 
methods are available for treating synthetic dyes, e.g., 
physical, chemical, and biological approaches (Al-Tohamy 
et al., 2022; Forgacs et al., 2004; Martıńez-Huitle and 
Brillas, 2009; Singh and Arora, 2011; Yaseen and Sholz, 
2019). Table 1 highlights the advantages and disadvan-
tages of the most frequently used dye removal techniques. 
Having a method that can effectively remove various types 
of dyes is challenging. Still, the method’s effectiveness de-
pends primarily on specific dyes present in the wastewater 

and the characteristics of the method used. Some processes 
may be more effective for removing specific dyes, depend-
ing mainly on their chemical properties, such as their mo-
lecular structure, solubility, and reactivity. In practice, a 
combination of methods may become necessary to achieve 
the desired level of dye removal.

For the materials used in organic dye removal, there 
have been some excellent reviews covering a wealth of 
natural and synthetic materials for wastewater remediation 
(Forgacs et al., 2004; Islam et al., 2021; Martıńez-Huitle 
and Brillas, 2009; Singh and Arora, 2011; Yagub et al., 
2014). Some commonly used natural materials include ac-
tivated carbon, clay minerals, zeolite, agricultural by- 
products (e.g., husk, leaf, sawdust, and peel from the plant, 
chitosan made from the shell of crustaceans), and industrial 
by-products (e.g., mud, fly ash). Many of these materials 
purify the dyed wastewater by adsorption (Yagub et al., 
2014). Materials possessing high porosity and large surface 
area are highly desirable as effective sorbents and photocat-
alysts for selective dye removal. With the rapid develop-
ment of nanostructured synthetic materials in recent 
decades, nitride composite particles have emerged as 
promising materials for efficiently removing organic dye 
pollutants from industrial wastewater. Fig. 1a shows a 
chronological evolution of reported scientific papers on 

Table 1 Pros and cons of methods used for organic dye removal.

Methods Pros Cons

Physical Approach

(i) Adsorption Applicable for treating a wide variety of 
dyes

Needs regular adsorbent replenishment and 
sludge cleaning

(ii) Ion exchange Able to handle a large volume of wastewa-
ter; requires no chemicals

Impractical to remove some dyes and 
contaminants that are not ionizable

(iii) Membrane filtration Applicable for treating a wide variety of 
dyes efficiently in large volumes

Needs periodic replacement of fouled 
membrane; often requires energy supply to 
maintain the pressure needed for filtration

Chemical Treatment

(i) Coagulation and flocculation Effective in removing various dyes in large 
volumes

Often pH sensitive; requires the use of 
chemicals, and generates sludges

(ii) Advanced chemical oxidation Removes target dyes selectively in large 
volumes by the formation of OH●

Requires the use of chemicals and may 
generate harmful by-products; may require 
longer reaction time

(iii) Electrochemical method Fast and effective at removing a wide range 
of both synthetic and natural dyes; able to 
use renewable energy sources

High electricity consumption; requires 
specialized knowledge in system design and 
operation

Biological Approach

(i) Enzyme-based method Selective dye removal with energy-saving 
and environmentally friendly features; less 
sludge formation

Limited effectiveness and slow processing 
for large volumes

(ii) Microbial method Natural and low cost; may have a high 
removal efficiency for certain types of dyes

Limited effectiveness and slow processing 
for large volumes; may be sensitive to 
environmental conditions
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nitrides for dye removal. Intensive research has been di-
rected toward wastewater treatment using nitride nanoma-
terials since about a decade ago. This result is attributable 
to the emergence of two-dimensional (2D) semiconducting 
graphitic carbon nitride (g-C3N4) nanosheets and their 
three-dimensional (3D) porous counterparts. The g-C3N4 
nanostructures show promise of harnessing visible light for 
the photocatalytic degradation of organic dyes together 
with adsorption capability toward selective organic pollut-
ants (Acharya and Parida, 2020; Hu et al., 2019; Lam et al., 
2016; Santoso et al., 2020). The fact that g-C3N4 gained 
significant attention is demonstrated by the publication of 
the first highly cited article in 2012 (Cui et al., 2012) from 
the Web of Science search. Fig. 1b further illustrates the 
prevalent dominance of the g-C3N4 in published nitride- 
related water-remediation papers with a substantial 85.8 %. 
Boron nitride (BN) and transition metal carbide/nitride 
(MXene) with 2D layered structures follow in the distant 
second and third positions of 12.1 % and 1.7 %, respec-
tively.

While literature reviews have extensively focused on 
carbon nitride-based nanomaterials, we envision that a 
more comprehensive understanding of nitride-based nano-
composites will significantly contribute to developing 
next-generation multi-purpose dye-removal solutions. 
Considering their potential use in wastewater treatment, 
this review aims to cover the recent progress in material 
design, fabrication method, and dye-removal performance 
of various nitride nanocomposites. Selecting appropriate 
dye-removal materials largely remains a trial-and-error 
approach at present. The review highlights multiple dye- 
removal mechanisms, such as the photocatalytic degrada-
tion and dye-sorption behavior of the composite nitride 
nanoparticles, together with computational analyses that 
show promises of shedding light on the nature of interac-
tions between organic dye contaminants and nitrides. Fi-
nally, some future perspectives will be addressed.

2. g-C3N4-based nanocomposites
Carbon nitride is a class of compound materials com-

posed of carbon and nitrogen atoms with various structures 
and properties. Different allotropes exist for the carbon ni-
tride, including alpha, beta, cubic, pseudo-cubic, amor-
phous, and g-C3N4 (Aspera et al., 2010; Wang et al., 2017). 
Among them, g-C3N4 possesses a repeating unit of stacked 
carbon atoms and nitrogen-rich functional groups arranged 
in a honeycomb-like structure resembling graphite. The 
unique combination of features includes an n-type semi-
conductor with a tunable optical bandgap around 2.7 eV 
suitable for harnessing visible light, excellent chemical and 
thermal stability because of the covalent nature of the car-
bon–nitrogen bonding for use in harsh environments, facile 
preparation with environmental friendliness, a metal-free 
chemical attribute with earth abundance, and low cytotox-
icity (Ahmadi et al., 2023; Dong et al., 2014; Jiang et al., 
2017; Teter and Hemley, 1996; Thomas et al., 2008; Xu et 
al., 2018; Zhao et al., 2015). Fig. 2 shows the primary tec-
tonic units of g-C3N4, which include two major substruc-
tures, i.e., triazine and tri-s-triazine (heptazine). The 
tri-s-triazine-based structure is the most stable allotrope in 
the ambient environment (Dong et al., 2014; Thomas et al., 
2008).

The stacking layer structure in the g-C3N4 allotrope 
consists of the sp2 hybridization of carbon and nitrogen 
heteroatoms with features of tunable interlayer spacing 
through changing the localization of electrons and the 
binding energy between neighboring layers. The structure 
generates the π-conjugated graphitic planes with tunable 
positions of the highest occupied molecular orbital 
(HOMO) and the lowest unoccupied molecular orbital 
(LUMO) as a semiconducting photocatalyst for the purifi-
cation of dye-contaminated wastewater (Zhao et al., 2021).

Intrinsic drawbacks, such as insufficient absorption of 
light energy, low surface area, and fast recombination of 
photogenerated electrons and holes, suppress the  
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photocatalytic efficiency of bulk g-C3N4 photocatalyst. The 
photoelectronic conversion of g-C3N4 would enhance sub-
stantially by increasing the nitrogen content, as the pres-
ence of nitrogen atoms impacts the spin density and charge 
distribution of the carbon atoms. This creates active sites 
on the surface to remove organic dyes and pigments effi-
ciently under light illuminations (Ahmadi et al., 2023). 
Various strategies have been explored to overcome the 
shortcomings of g-C3N4 photocatalysts, including doping 
of metal or non-metal elements, creation of semiconduct-
ing junctions with suitable band structures at the interface, 
morphological control, and defect-modulating engineering 
(Acharya and Parida, 2020; Kumar et al., 2022; Luo et al., 
2023; Xu et al., 2018). The construction of heterojunction 
involving g-C3N4 nanosheet composite with a semiconduc-
tor having a matched band-edge potential is promising for 
enhancing the separation efficiency of photoinduced charge 
carriers together with synergistically enriching light- 
harvest ability. For example, Fig. 3a shows a hypothetical 
charge-transfer route when two coupled semiconductor 
photocatalysts display the staggered band structure at the 
interface. The photogenerated electrons are thought to flow 
from photocatalyst 2 to photocatalyst 1 under light irradia-
tion, while the opposite is true for the photogenerated 

holes, facilitating the separation of charge carriers. The 
idealized recombination suppression occurs at the expense 
of reduced redox activity for photocatalysis. In addition, 
the electrostatic repulsion between the like charges may 
inhibit the continuous accumulation of charge carriers from 
transferring (Xu et al., 2020). In this regard, the Z-scheme 
photocatalyst with a suitable intermediate couple between 
two contacting semiconductors provides a promising alter-
native to facilitate the charge separation while retaining a 
strong redox ability in Fig. 3b (Kudo and Miseki, 2009; Li 
et al., 2016). In a typical all-solid-state Z-scheme photocat-
alyst, a solid conductor is used to replace the shuttle-redox 
ion pairs in traditional Z-scheme for imparting the transfer 
of charge carriers at the semiconductor junction. The 
evolvement toward direct Z-scheme later occurs, as 
demonstrated in a g-C3N4/TiO2 composite photocatalyst by 
Yu et al. in 2013, which does not require an intermediate 
electron mediator to attain a robust photocatalytic capabil-
ity. They have shown that the disparity in the work func-
tions of g-C3N4 and TiO2 renders the formation of an 
internal electric field at the junction so that an inherent ac-
tuating force takes place to replace the intermediate elec-
tron mediator. This development leads to a step-scheme 
(known as the S-scheme) heterojunction involving a  

(a) (b)

Fig. 2 Primary tectonic units of (a) triazine and (b) tri-s-triazine for g-C3N4 allotropes.
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semiconducting couple containing an oxidation photocata-
lyst (i.e., photocatalyst 1 in Fig. 3b) and a reduction coun-
terpart (i.e., photocatalyst 2 in Fig. 3b) to form the 
staggered band structure with a charge-transfer route re-
sembling that of the Z-scheme while remaining a strong 
redox capability (Xu et al., 2020; Zhang et al., 2022).

Table 2 lists selected examples of dye-removal perfor-
mance using g-C3N4 nanocomposite photocatalysts in dyed 
water treatment. Various g-C3N4 nanocomposites have 
been examined for the photocatalytic removal of organic 
dye pollutants. In view of the literature in Table 2, we may 
conclude that heterojunction with a suitable band align-
ment allows simultaneously the creation of active sites and 
efficient separation of photoinduced charge carriers for fa-
cilitating dye decomposition under light illuminations.

The pursuit of highly efficient g-C3N4-based composite 
photocatalyst depends critically on the synthesis process 
since the attainment of mesoporous 2D g-C3N4-based 
nanocomposites with high surface area, tailored pore size 
and pore shape is advantageous in providing active chemi-
cal sites on the surface for the selective photodegradation 
of organic dyes. Appropriate defects residing at the surface 
are potentially beneficial for enhanced photocatalysis 
(Acharya and Parida, 2020; Darkwah and Ao, 2018; Ismael 
et al., 2019; Zhao et al., 2018; Zhu et al., 2014). Various  
nitrogen-rich organic precursors containing C–N bonding 
structure without direct C–C bonding have been used as the 
precursor compound for the g-C3N4 synthesis, e.g., cyana-
mide, dicyandiamide, melamine, thiourea, urea, or their 
mixtures, via the polycondensation route. A low surface 
area often results due mainly to the formation of a layered 
graphitic structure. Two main process strategies have been 
proposed to resolve this shortcoming, i.e., the hard- and 
soft-templating routes for the g-C3N4 synthesis. The pre-
pared g-C3N4 nanosheets often favor depositing on a tem-
plate with a high surface area. Table 3 lists the differences 
between the hard- and soft-templating methods. The 
hard-templating approach involves using a sacrificial hard 
template, such as mesoporous silica, for the impregnation 
with a precursor compound (Groenewolt and Antonietti, 
2005; Wang et al., 2009). The removal of the template by 
calcination or chemical etching forms g-C3N4 with a po-
rous structure that replicates the shape of the template. On 
the other hand, the soft-templating approach involves using 
a soft template, such as surfactants or block copolymers, 
which self-assemble to form a template for the organic 
precursor (Lu et al., 2014; Yan, 2012). After deposition of 
the precursor onto the template, the template can be re-
moved by washing or mild calcination, leaving behind 
g-C3N4 with a mesoporous structure that replicates the 
shape of the template.

A large surface area with a suitable pore structure for 
allowing organic dye molecules more access to the surface 
moiety of g-C3N4 nanocomposite is one important parame-

ter affecting dye removal in wastewater treatment. Surface 
characteristics of the mesoporous g-C3N4-based nanocom-
posite are also essential for imparting high activity as an 
efficient adsorbent. Aspera et al. (2010) have shown that 
bonding occurs favorably between the hydrogen atom of 
the water molecule and the two-coordinated nitrogen atom 
of the tri-s-triazine-based g-C3N4 with a chemisorption en-
ergy of –0.82 eV by ab initio density functional theory 
(DFT) computations. Modwi et al. (2022) verified recently 
that hydrogen-bonding interactions occur favorably be-
tween OH groups of mesoporous MgO/g-C3N4 nanocom-
posite and lone-pair electrons of amine groups of basic 
fuchsin (BF) dyes, resulting in a pronounced adsorptive 
uptake selectively.

In addition to the hydrogen bonding, mechanisms in-
volved in the dye adsorption of g-C3N4 nanocomposites 
include electrostatic interaction, π–π interaction, surface 
complexation, and cation bridge (Chen et al., 2020; 
Fronczak, 2020). Table 4 lists selected examples of adsorp-
tive dye removal using g-C3N4 nanocomposites in dyed 
water treatment. The electrostatic interaction occurs prefer-
entially when g-C3N4 and dye molecules bear surface 
charges of different signs in water. Zhu et al. (2015) mea-
sured the isoelectric point (IEP) around 4 to 5 for g-C3N4 
prepared using melamine, thiourea, and urea as the precur-
sor compounds, respectively. The experimentally deter-
mined IEP reflects the chemical equilibrium between 
hydrogen ions, hydroxyl ions, and amine groups on the 
g-C3N4 surface in an aqueous medium. The adsorption ac-
tivity increases when the negatively charged g-C3N4 sur-
face encounters cationic methylene blue (MB) dye 
molecules at a solution pH more positive than the pHIEP. At 
the same time, the opposite is true for the anionic methyl 
orange (MO) dye molecules. The π–π interaction occurs 
when both g-C3N4 and organic dye structures contain aro-
matic pendant groups, so adsorption occurs via non-cova-
lent bonding. Meng and Nan recently reported the rapid 
and selective adsorption of organic MB dyes in water using 
Na and Fe co-doped g-C3N4 (Meng and Nan, 2022). The 
infrared spectra verified the π–π conjugation between MB 
dyes and g-C3N4 adsorbents for selective removal. The 
conjugation, electrostatic interactions, and hydrogen bond-
ing contribute to the synergistic adsorptive MB removal. 
The complexation mechanism arises primarily from the 
metal doping to the g-C3N4 structure, which creates bind-
ing sites and functional groups that can firmly adhere to the 
dye molecules by forming surface complexes.

Similarly, the cation-bridge mechanism involves the ion 
exchange of charged metal compounds in the g-C3N4 struc-
ture with the ionized cations of the dye molecules. 
Nnadiekwe et al. (2023) have recently employed DFT 
computations to examine the adsorption behavior of alkali 
ions (including Li+, Na+, K+) doped heptazine-based 
g-C3N4 nanocomposites to the cationic MB dyes in water. 
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Table 2 Selected examples of photocatalytic dye-removal performance using g-C3N4 nanocomposites in dyed water treatment.

Catalyst Dye Light source Catalyst dosage 
(mg)

Dye-removal 
performance

Reference

g-C3N4/WO3 MB (100 mL, 
10 mg·L–1)

300 W Xe lamp 
with 400 nm cutoff 
filter

100 97 %, 120 min Huang et al., 2013

g-C3N4/BiOI Rhodamine B (RhB), 
MB, MO (all 100 mL, 
10 mg·L–1)

300 W Xe lamp 
with 400 nm cutoff 
filter

10–20 ca. 99 %, 50 min 
for RhB, >95 % for 
MB and MO

Di et al., 2014

g-C3N4/SnO2–x RhB (100 mL, 
10 mg·L–1)

350 W Xe lamp 
with UV and IR 
cutoff filters

40 ca. 99 %, 60 min He et al., 2015

g-C3N4/reduced 
graphene oxide 
(RGO)

MB (100 mL with 
1 mL H2O2, 5 mg·L–1)

500 W Xe lamp 2.5 (membrane) 
for flow-through 
dye degradation

>95 %, 150 min Li et al., 2017

g-C3N4/TiO2 (black) MO (30 mL, 
10 mg·L–1)

300 W Xe lamp 
with 420 nm cutoff 
filter

30 95 %, 150 min Shen et al., 2017

g-C3N4/BiOCl 4-chlorophenol (an 
intermediate for dye 
synthesis, 100 mL, 
10 mg·L–1)

300 W Xe lamp 
with 420 nm cutoff 
filter

50 ca. 95 %, 150 min Wang et al., 2018

CoAl-LDH/g-C3N4/
RGO (LDH: Layered 
double hydroxide)

Congo red (CR) ca. 95 %, 30 min Jo and Tonda, 2019

g-C3N4/RGO RhB (40 mL, 
5 mg·L–1)

300 W Xe lamp 
with 420 nm cutoff 
filter

40 >98 %, 30 min Wei et al., 2019

g-C3N4/ZnO/
ZnFe2O4 and 
g-C3N4/ZnO/
CoFe2O4

MO, Malachite green 
(MG) (150 mL, 
10 mg·L–1)

10 W LED lamp 
(400–700 nm)

50 ca. 95 %, 70 min 
(MG), 140 min 
(MO)

Chandel et al., 2020

g-C3N4/MoS2 MB (20 mL, 5 ppm) UV, visible, and sun 
light

1 98.7 % Monga et al., 2020

Phosphorus sulfur 
co-doped g-C3N4/
BiOBr/Ag/AgCl

Phenol 35 W LED lamp 98 %, 60 min Raizada et al., 2020

g-C3N4/red mud MB, MG (10 mg·L–1) 300 W Xe lamp 
with 420 nm cutoff 
filter

50 ca. 95 %, 80 min 
(MB), 120 min 
(MG)

Shi et al., 2020

g-C3N4/CuI RhB, MO (150 mL, 
10 ppm)

400 W UV, 150 W 
visible light

150 Up to 98.5 % under 
UV, and 78.6 % 
under visible 
irradiations

Ghanbari and 
Salavati-Niasari, 
2021

Sulfur-doped 
g-C3N4/Ag/ZnO

MB (100 mL, 
10 mg·L–1)

Sunlight (57–
63 Klux)

10 >90 %, 60 min Iqbal et al., 2021

g-C3N4/Ni/ZnO MB (200 mL, 
10 mg·L–1)

Sunlight (68–
73 Klux)

200 ca. 99 %, 70 min Qamar et al., 2021

g-C3N4/Cd/ZnO MB (100 mL, 
10 mg·L–1)

Sunlight 10 >90 %, 90 min Sher et al., 2021

Fe-doped g-C3N4 RhB (50 mL, 
10 mg·L–1)

Visible light 25 ca. 98.2 %, 60 min Ding et al., 2022

g-C3N4/BiOBr RhB (25 mL, 
20 mg·L–1)

300 W Xe lamp 
with 420 nm cutoff 
filter

20 87 %, 30 min Tian et al., 2022
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Their calculation shows that the Li+-doped g-C3N4 exhibits 
the smallest HOMO–LUMO gap and the highest charge 
potential compared to the K+ and Na+ counterparts. The 
predicted adsorption performance is in an ascending order 
of K+-doped g-C3N4 < Na+-doped g-C3N4 < Li+-doped 
g-C3N4, depending mainly on the protonation of the g-C3N4 
nanosheets.

Although the selected examples of adsorptive dye re-
moval in Table 4 appear fewer than those of photocatalytic 
degradation in Table 2, it may be interesting to note that 
organic dye removal often involves photocatalysis and ad-
sorption mechanisms being both operative simultaneously 
for many g-C3N4 nanocomposites in wastewater treatment 
(Shi et al., 2020). The observation is reasonably justifiable 
since redox interactions between charge carriers and dye 
molecules likely favorably occur upon exposure to light 
irradiation when the organic dye pollutants adsorb on the 
surface of g-C3N4 photocatalysts. Accordingly, organic ad-
sorption and photodegradation may be regarded as an inte-
gral interaction route for overall pollutant removal. In this 
regard, attempts at real-time monitoring of the in-situ ad-
sorption and photodegradation of dye molecules are chal-

lenging. Recently, Qin et al. (2021) reported their finding 
using attenuated total reflectance induced evanescent 
spectroscopy (ATR-ES). The ATR-ES involves the forma-
tion of a g-C3N4 coating layer on a silica optical fiber (SOF) 
surface coupled to a light-emitting diode (LED). The 
ATR-ES then interacts with MB adsorbed on the g-C3N4 
interface to produce ATR-ES signal change. They have 
shown that, in the context of adsorption investigation using 
a red LED, the observed alteration in the “red” ATR-ES 
signified the spontaneous nature of the adsorption process. 
During the initial phase, rapid adsorption predominantly 
occurred due to electronic attraction. Subsequently, the 
slower adsorption was primarily driven by π–π interactions 
during the second phase. For the photodegradation, the 
change in the “violet” ATR-ES indicated that the adsorp-
tion–desorption equilibrium of MB was disrupted through 
oxidation by hydroxyl radicals (•OH) and superoxide radi-
cals (•O2–). Notably, the surface’s apparent adsorption rate 
was 16 times higher than the apparent photodegradation 
rate constant. This discrepancy reveals that the photodegra-
dation process is the primary rate-controlling step in the 
photocatalytic degradation reaction.

Table 3 Pros and cons of hard- and soft-templating methods used to synthesize mesoporous 2D g-C3N4-based nanocomposite.

Methods Pros Cons

Hard-templating approach Reasonable control over pore size and distribu-
tion; high stability; easily scaled up for industrial 
production

The range of pore size is typically limited by the 
available template materials; time-consuming 
process; limited flexibility in terms of the variety 
of pore shapes and structures that can be pro-
duced.

Soft-templating approach High flexibility for a wide range of pore shapes 
and structures to be produced; relatively fast for 
the template removal; cost-effective in terms of 
the soft-template material

Poor control over pore size and distribution; less 
stable due to the weaker interaction between the 
carbon nitride and the soft template material; 
limited scalability

Table 4 Selected examples of g-C3N4 nanocomposites for the adsorptive organic dye removal in water treatment.

Adsorbent Dye Adsorbent dosage 
(mg)

Adsorption removal Reference

Fe-doped g-C3N4/
graphitized mesoporous 
carbon

Acid red 73, RhB 
(50 mg·L–1, H2O2 
40 mM)

200* >99 %, 40 min (pH = 6.9) Ma et al., 2017

g-C3N4/red mud MB, MG (10 mg·L–1) 50 ca. 35 %, 30 min (MB), ca. 
70 %, 30 min (MG)

Shi et al., 2020

g-C3N4/TiO2 MO (50 mg·L–1, 
10 mg·L–1)

10 ca. 80 %, 15 min (pH ca. 7) Wang et al., 2020

g-C3N4/TiO2/GO MO, MB, CR, RhB 
(10 mg·L–1)

Foam >97 % Zhan et al., 2021

g-C3N4/MgO CR, Basic Fuchsin (BF) 
(25 mL, 50 mg·L–1)

10 96 %, 24 h (CR); 99 %, 24 h 
(BF)

Modwi et al., 2022

Na and Fe co-doped 
g-C3N4

MB (50 mL, 50 mg·L–1) 5 ca. 90 %, 5 min (MB, 
pH = 6.5)

Meng and Nan, 2022

*: Estimated using 250 mL for the dyed solution.

https://doi.org/10.14356/kona.2025005


Wenjea J. Tseng / KONA Powder and Particle Journal No. 42 (2025) 213–226 Review Paper

220

Finally, the feasibility of using the g-C3N4 composites in 
large-scale operations depends mainly on the material cost, 
disposal, and regeneration. The practical use of g-C3N4 
composites for treating organic dyed wastewater needs to 
be improved by resolving the difficulties in separating and 
recovering the recycled sludge. Practices used most fre-
quently, including filtration or centrifugation methods, are 
tedious, time-consuming, low-efficiency, and costly. Mag-
netically recoverable g-C3N4 composites by hybridizing 
with magnetic Fe3O4 or spinel ferrite (such as NiFe2O4) 
offer a promising means for easy recyclability and multiple 
reusable capabilities (Kumar et al., 2013; Guo et al., 2018; 
Sudhaik et al., 2018). Fixation of the g-C3N4 nanocompos-
ite on mechanically robust and flexible filtration mem-
branes, such as polyacrylonitrile porous substrates or 
carbon-fiber clothes, is another attractive alternative for 
resolving the regeneration issue in wastewater treatment 
(Lei et al., 2021; Li R. et al., 2019; Li X. et al., 2021). In 
addition, most of the studies are based on small-scale labo-
ratory tests under reasonably well-controlled conditions. 
Scale-up research with testing conditions close to the actual 
situation is highly desirable to fill the knowledge gap for 
practical applications.

3. BN-based nanocomposites
BN is analogous to carbon in structure and consists of 

various crystalline polymorphs, including hexagonal form 
(h-BN) with honeycomb-like 2D layer structure together 
with rhombohedral (r-BN), cubic (c-BN), and wurtzite (w-
BN) types with hybridized B–N bonds of either sp2 or sp3 
types (Pakdel et al., 2014; Yu et al., 2018). The discovery of 
various carbon nanostructures, including fullerenes, 
nanowires, nanotubes, nanosheets, etc., has triggered the 
exploration of other nanostructured counterparts based on 
the similar honeycomb-like structure. The nanostructures 
include the layered graphene-like h-BN, with a wide range 
of nanostructures from 0D to 2D through synthesis meth-
ods such as exfoliation (mechanical or chemical), chemical 
vapor deposition, epitaxial growth, solid-state reaction, 
nanotube unzipping, or high-energy irradiation (Pakdel et 
al., 2014). Tuning the morphology of BN nanostructures 
gives rise to a unique combination of many advantageous 
properties, including high surface area, high-temperature 
oxidation resistance, high chemical inertness, possible low 
friction coefficient, high dielectric constant, tunable struc-
tural defect, and surface functionality. The morphological 
tunability renders BN nanostructures in wide-ranging po-
tential applications, including electronic, optical, thermal, 
mechanical, wetting, and tribological uses. Depending on 
the atomic stacking configuration, the layered h-BN gener-
ally exhibits a considerable bandgap value of around 6 eV 
(Wickramaratne et al., 2018), prohibiting BN from being 
an efficient photocatalyst. However, BN-containing nano-
composites show a dual adsorptive and photocatalytic role. 

For example, AgI nanocomposites consisting of a minor 
addition of BN nanosheets have been shown to exhibit 
substantially enhanced photocatalytic activity and photo- 
corrosion resistance, together with dye adsorption capabil-
ity against aqueous RhB solutions under simulated sunlight 
irradiations when compared to pure AgI (Choi et al., 2015). 
BN–AgI heterojunction increases the charge transportation 
and separation efficiency for facilitating the photocatalytic 
degradation of RhB dyes. Similar synergistic findings have 
also been reported in the literature. As shown in Table 5, 
Wang et al. (2016) prepared porous h-BN fibers with their 
surface decorated by Ta3N5 nanoparticles of various frac-
tions. The composite fibers showed preferential adsorption 
for selected dye molecules while facilitating the separation 
of photogenerated charge carriers.

In addition to the photocatalytic dye removal, porous BN 
nanosheets with high specific surface area, selective sorp-
tion capability, super-hydrophobicity, and facile regenera-
tion have also received increasing attention as effective 
adsorbents in wastewater treatment (Lei et al., 2013; Park 
et al., 2022). For example, Liu et al. (2018) combined the 
adsorption advantage of BN and carbon by forming a 
highly porous, cheese-like 3D structure with pore sizes 
ranging from 2 nm to 100 nm. The BN/C composites 
showed a fast adsorption rate by removing cationic MB 
(>80 %) and anionic CR (>70 %) dyes in water (200 mL, 
50 mg·L–1) within merely ca. 5 min and over 95 % in 2 h 
duration. More importantly, the BN/C composites were re-
usable after heating in the air at 500 °C. After ten cycles of 
recycling, the reused composites maintained more than 
70 % of their original adsorption capability. Recent ad-
vances in theoretical computations have revealed details 
about the adsorption process and molecular interactions 
between the adsorbent and adsorbate. Bangari et al. (2021) 
have used DFT calculations to examine the adsorption of 
MO dyes using BN nanosheets. Their results show that 
negative charge transfer occurred from MO to the 
nanosheets with high chemical potential. The finding sug-
gests high chemical activity and a substantial decrease in 
the bandgap (up to 2.9 eV) after the adsorption. More im-
portantly, theoretical computations have advanced to pre-
dict the simultaneous removal of multiple organic 
pollutants, including the adsorption affinity and adsorptive 
capacity, from the change of bandgap, geometrical bond 
distance, the molecular orientation of the adsorbate, ad-
sorption energy, etc. (Bangari et al., 2022b; Yadav et al., 
2022).

4. MXene-based nanocomposites
MXene belongs to the 2D materials family and finds 

enormous interest due to its proficient structural character-
istics (e.g., large surface area, hydrophilic character, abun-
dant active surface sites, etc.) and unique properties (e.g., 
high chemical stability, high electrical conductivity, quick 
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ion-exchange capability, enriched surface functionality, 
environmentally benignity, etc.) (Naguib et al., 2014). The 
structure of MXene with a formula of Mn+1XnTx (where n 
generally equals 1 to 3) consists of n+1 layers of transi-
tional metal elements M, n layers of X (i.e., carbon and/or 
nitrogen), and a surface-terminal group of Tx (such as oxy-
gen, fluorine, and hydroxyl) in periodic stacking configura-
tion. The tunable surface termination renders MXene 
nanosheets potentially effective adsorbents for dyed waste-
water treatment (Khandelwal and Darbha, 2021; Kumar et 
al., 2022; Rasool et al., 2019; Zhang et al., 2018). Mashtalir 
et al. first demonstrated preferential adsorption of Ti3C2Tx 
for cationic MB dyes over anionic acid blue 80 in water 
primarily due to electrostatic interactions (Mashtalir et al., 
2014). Interestingly, the photodegradation of both dyes 
occurred under UV light irradiation, revealing the instabil-
ity of Ti3C2Tx in water to form TiO2 favorably for photoca-
talysis.

Table 6 lists examples of MXene composites using ni-
tride for organic dye removal in wastewater remediation. 

All are g-C3N4 hybridized with MXene carbide of Ti3C2, 
showing enhanced photocatalytic dye degradation com-
pared to the pure g-C3N4 counterpart. Although successful 
synthesis of MXene nitrides such as Ti4N3 (Urbankowski et 
al., 2016) and Ti2N (Soundiraraju and George, 2017) has 
been reported, there has been no report on their use in the 
wastewater remediation to the author’s best knowledge. 
Preparation of nitride MXene by selective acid etching 
from the MAX phase remains challenging and becomes 
one of the limiting factors for exploring its use in environ-
mental water remediation.

5. Other nitride nanocomposites
Some other nitride-based nanocomposites are promising 

to become next-generation multi-purpose dye-removal 
solutions. For example, Tsai and Tseng recently prepared 
TiN–TiO2 composite nanoparticles by a facile urea-glass 
route (Tsai and Tseng, 2020). The presence of TiN in the 
composites imparts a pronouncedly enhanced preferential 
adsorption against MB dyes in water in addition to their 

Table 5 Selected recent examples of BN nanocomposites for the adsorptive and/or photocatalytic dye removal in water treatment.

Composite Dye Light source Dosage 
(mg)

Dye removal Reference

BN/AgI RhB (100 mL, 
10 mg·L–1)

Simulated sun light 
(150 W Xe lamp 
with AM 1.5G 
filter)

100 ca. 60 %, 30 min by 
adsorption; >35 %, 70 min 
by photocatalysis

Choi et al., 2015

BN/Ta3N5 RhB, MB (100 mL, 
50 mg·L–1)

300 W Xe lamp 
with 400 nm cutoff 
filter

50 ca. 20 %, 30 min by 
adsorption; >98 %, 
120 min by photocatalysis

Wang et al., 2016

BN/C MB, CR (200 mL, 
50 mg·L–1)

Not used 100 >95 %, 120 min by  
adsorption

Liu et al., 2018

BN/Carbon nitride Neutral red (NR), MG 
(30 mL, 200 mg·L–1)

Not used 5 1350.1 mg·g–1 (NR), 
1040.6 mg·g–1 (MG) by 
adsorption

Guo et al., 2019

BN/polyvinyl 
alcohol foam

MB, CR, MO (6 mL, 
25 mg·L–1)

Not used N.A. ca. 11.5, 5.1, 5.2 mg·g–1 for 
adsorption of MB, CR, 
MO, respectively

Gao et al., 2020

BN/TiO2 RhB (20 mL, 
10 mg·L–1)

300 W Xe lamp 
with 400 nm cutoff 
filter

15 95 %, 120 min by photoca-
talysis

Li et al., 2020

BN/SnO2 MO (50 mL, 
10 mg·L–1)

Visible light 1.25 92 %, ca. 7 min by photo-
catalysis

Singh et al., 2020

BN/chitosan/
graphene

MB, Acid orange II Simulated sun light Up to 0.05 87 % (MB), 57 % (Acid 
orange II), 20 min by 
photocatalysis

Khose et al., 2021

BN/α-Fe2O3 MB (100 mL, 
2.5 mg·L–1)

250 W tungsten- 
halogen lamp

10 or 20 ca. 91 %, 180 min by 
photocatalysis

Shenoy et al., 2021

BN/polyvinylidene 
fluoride

MB (150 ppm) Not used 133* 100 % by membrane 
adsorption

Bangari et al., 
2022a

N.A.: Not available. *: Estimated using 100 mL for the dyed solution.
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photocatalytic property under visible-light illuminations. 
The adsorption enhancement is directly proportional to the 
TiN fraction. Up to 95 % of the initial 10–5 M MB concen-
tration can be removed by the adsorptive composites in less 
than 90 min. The composite particles show synergistic 
photocatalysis; in addition, niobium doping in the compos-
ite particles also facilitates dye removal, indicating that the 
creation of ionized defective sites may critically tune sur-
face characteristics for adsorption and energy band offset at 
the interface for photocatalytic dye degradation.

A following report by Chen and Tseng revealed that 
TiN–WN composite nanoparticles also exhibit selective 
adsorption against cationic MB dyes in water. The adsorp-
tion under dark conditions reached as much as 90 % within 
90 minutes when using an initial MB concentration of 
10–5 M by tuning the TiN–WN composition. In compari-
son, virtually minimal adsorption (less than 10 %) resulted 
in the anionic MO dye solution under identical situations 
(Chen and Tseng, 2022). Similarly, the composite particles 
rendered a moderate photocatalytic degradation to the MB 
molecules under visible-light illuminations. Their results 
also suggest that the composite particles may be suitable 
for long-term wastewater treatment.

A recent finding further reveals that forming a TiO2–xNx 
layer around Fe3O4@Ag core–shell nanoparticles is suffi-
cient to impart preferential adsorption toward MB dyes in 
water (Lin and Tseng, 2022). By tuning the x value 
(x = 0.056 to 0.15) in the Fe3O4@Ag@TiO2–xNx core–shell 
composite via the nitridation temperature, the composites 
with an x value of about 0.12 show dark adsorption of 
54.8 % and an additional visible-light photodegradation of 
25.1 % when using dyed wastewater with an initial MB 
concentration of 5×10–6 M. The composites with x about 
0.15 can even exhibit dark adsorption of 99.1 % against the 
MB solution within 30 min, depending on the nitridation 
level. The nitrogen-dependent MB adsorption may involve 
multiple concurrent mechanisms, including the electro-

static interaction, formation of hydrogen bridges, electron 
donor–acceptor relationship, and the π–π electron disper-
sion force. In addition, the composite particles are magnet-
ically responsive. The recycled particles retain over 72 % 
of their initial MB removal capability after five use cycles.

6. Summary and challenges
Nitride composites as a material group remain vastly 

unexplored for environmental remediation, despite inten-
sive research endeavors devoted to wastewater treatment in 
the last decades. We have witnessed enormous ground-
breaking advances in 2D nitrides (including g-C3N4, BN, 
and MXene) as an efficient photocatalyst through innova-
tive synthesis, tailored morphological structure, bandgap 
engineering, optimal band alignment, defect tuning, etc. 
Many nitrides exhibit a strong affinity to adsorb specific 
dye attributes preferentially in a relatively short time. This 
dual role with synergistic dye-removal capability is perva-
sive among nitrides and is less common for other material 
counterparts. With the help of theoretical computations, we 
anticipate that the domain knowledge toward understand-
ing the synergistic removal mechanism at the interface be-
tween nitride and dye molecules will advance at a faster 
speed in the coming future.

The effort to assess nitride composites’ dye-removal 
performance in pilot-scale or field-scale experiments using 
actual wastewater samples is critically important to ad-
vance their practical use. So far, the practical use of nitride 
nanocomposites in large-scale wastewater treatment re-
mains an unsurpassable hurdle to overcome. One must ad-
dress pollutant-removal efficiency, scalability, long-term 
stability, cost-effectiveness, and regulatory consideration. 
To resolve this challenge, nitride composites with advanta-
geous features such as reduced sludge formation, anti- 
fouling capability, facile recycle operation, and multiple 
regeneration usability are highly desirable. Developing ef-
fective dye-removal systems that integrate the nitride 

Table 6 Selected recent examples of MXene nanocomposites using nitride for the adsorptive and/or photocatalytic dye removal in water treatment.

Composite Dye Light source Dosage (mg) Dye removal Reference

Ti3C2/Ag/g-C3N4 RhB (200 mL, 
10 mg·L–1)

300 W Xe lamp 
with 420 nm cutoff 
filter

100 ca. 20 %, 30 min by adsorp-
tion; 69.2 %, 70 min by 
photocatalysis

Huang et al., 2021

Ti3C2/g-C3N4 RhB (80 mL, 
20 mg·L–1)

500 W metal halide 
lamp with 420 nm 
cutoff filter; 
300 mW·cm–2

40 ca. 99 %, 25 min by photo-
catalysis

Liu et al., 2022

Ti3C2/g-C3N4 MB (100 mL, 
10 mg·L–1)

500 W halogen 
lamp

500 ca. 60 %, 180 min by 
photocatalysis

Nasri et al., 2022

Ti3C2-derived 
Ti-peroxo/g-C3N4

RhB (100 mL, 
20 mg·L–1)

Visible light 20 ca. 55 %, 30 min by adsorp-
tion; 45 %, 110 min by 
photocatalysis

Tu et al., 2022
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composites into existing wastewater-treatment processes 
may provide a viable route for practical application. The 
transition from laboratory research to practical implemen-
tation in large-scale industrial or municipal wastewater 
treatment can be complex. The challenges may foster inno-
vative new ideas and become opportunities in the near fu-
ture.
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An Empirical Equation for Rapid Validation of the 
Performance of Commercial N95 Equivalent Respirators †

Sheng-Chieh Chen *, Yu Zhang, Genhui Jing, Peng Wang and Da-Ren Chen
Department of Mechanical and Nuclear Engineering, Virginia Commonwealth University, USA

The COVID-19 pandemic has underscored the importance of wearing 
effective facepiece filtering respirators (FFRs) to reduce infection and 
disease transmission. One of the reasons causing the widespread 
prevalence was found to be the failure of N95-Equivalent FFRs (N95-
EFs), i.e., efficiency <<95 %, during the pandemic. To investigate the 
reasons causing the ineffectiveness of commercial N95-EFs, this study 
measured the efficiency of several dozens of commercially available 
N95-EFs following standard testing protocols. The specifications of the 
N95-EF including fiber diameter, solidity and surface potential of the 
main layer media of N95-EFs were also determined. We provide a 
simple method for manufacturers to quickly screen the efficiencies of 
their N95-EF products before distributing them to the market. We found that the failures of N95-EF are majorly attributed to overprediction 
of the efficiency due to i) missing neutralization of challenging particles, ii) too small or oversize of challenging particles, and iii) particle 
detectors with large sizing limits (>500 nm). Based on the pressure drop, respirator area, and surface potential of the N95-EFs, an 
empirical equation is developed to fast screen and help design effective N95-EFs.
Keywords: COVID-19, N95, facepiece filtering respirators, pressure drop, efficiency, empirical equation

1. Introduction
Since the outbreaks of the COVID-19 pandemic, the 

novel coronavirus (SARS-CoV-2) has caused nearly a bil-
lion infections and 7 million deaths due to its high trans-
mission and severe fatality rate (Dhand and Li, 2020; 
Jayaweera et al., 2020; Prather et al., 2020; Yan et al., 
2018). In addition to contacting surfaces with fomite, 
SARS-CoV-2 had a high airborne transmission through  
virus-laden droplets and aerosols, which are released by 
sneezing, coughing, speaking, and breathing of the infected 
person. These droplets and aerosols can travel up to 8 m, 
and the desiccated residue or droplet nuclei may stay sus-
pended for hours (CDC, 2021; Dhand and Li, 2020), which 
significantly enlarged the transmission rate. To provide 
protection for individuals and lower the transmission of 
SARS-CoV-2 through aerosol transmissions, face masks 
and filtering facepiece respirators (FFRs) are required or 
highly recommended by the Centers for Disease Control 
and Prevention, CDC, since the outbreak of COVID-19 in 
March 2020 (CDC, 2020). N95, KN95, FPP2, and KF94 
respirators, etc., whose filtration efficiencies against  
laboratory-produced NaCl particles are required to be 
larger than 94–95 %, are commercially available and af-

fordable for the general public. It is of great importance 
that these N95 Equivalent-Facepiece filtering respirators 
(N95-EFs) have good quality to protect people from infec-
tion and spreading of viruses.

1.1 Failure of FFRs
According to the CDC, approximately 60 % of KN95, 

the most widely available N95-EFs on the market during 
the COVID-19 pandemic in 2020 and 2021, did not meet 
the requirement, i.e., filtration efficiency (FE) ≥95 % 
(CDC, 2021). Aiming to determine the reasons for the un-
satisfactory performance of FFRs or to develop easy 
screening methods, quite many research teams evaluated 
commercially available FFRs (e.g., Duncan et al., 2021; 
Plana et al., 2021; Schilling et al., 2021).

As is known, the standard testing protocols by the  
National Institute for Occupational Safety and Health 
(NIOSH) and by the National Standards of the People’s 
Republic of China (GB 2626, 2006) require rigorous proce-
dures and designated or recommended equipment and 
conditions such as particle type and size distribution, parti-
cle charging state, particle detector, filtration flow rate, 
sample conditioning, environmental control chamber, etc. 
Because of the strict and time-consuming testing proce-
dures and the expensiveness of the required facilities, any 
simplifications and noncompliance with the procedures 
would lead to incorrect filtration efficiency results. Addi-
tionally, the urgent demands of tremendous quantities 
during the early period of the pandemic caused the failures 
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of quality assurance and control of the N95-EFs by the 
manufacturers. However, it was very difficult for the public 
to distinguish between legitimate and counterfeit products. 
The wearing of counterfeit products would be a reason for 
speeding the spread of SARS-CoV-2 during the pandemic.

1.2 Reasons for N95-EF failure
The efficiency of N95-EFs was often largely overesti-

mated if standard procedures were not followed. In the 
evaluations of N95-EFs, the required size distribution, 
charging state, and deliquesce of challenging particles were 
often not considered (Cai and Floyd, 2020; Duncan et al., 
2021; Patra et al., 2022; Schilling et al., 2021; Stahl et al., 
2021). For instance, some researchers did not neutralize the 
challenging particles, which could lead to the overpredic-
tion of the Columbic force and the FE. Because particles 
will carry a higher mean number of charges after they are 
aerosolized than the neutralized state, as required. During 
particle dispersion (e.g., aerosolization by atomizer), a tri-
boelectric or contact charge develops along the particle 
surface because of mechanical friction from the surface and 
particle contact. This energy transfer could generate an ex-
cess charge of 1~105 elementary units (Forsyth et al., 
1998). For example, it was found that 200 nm NaCl parti-
cles carried a mean elementary charge of ~3.7 compared to 
~1.0 charge of neutralized particles (Forsyth et al., 1998). 
According to the theoretical model (Chang et al., 2016; 
2018), the FE for a neutralized 100 nm NaCl particle 
through a charged filter media (~75 μC/m2) can be in-
creased from ~60 % to over 95 % if it is not neutralized. 
This indicates the importance of a completed neutralization 
before challenging the respirator to prevent a significant 
overprediction of FE.

While the recommended particle detector by the NIOSH 
was a mass-based laser light scattering photometer detector 
having a sizing limit of ~0.1 μm, some researchers applied 
detectors with a limit larger than 300–500 nm (e.g., optical 
particle counter), thus, the high penetration from small 
particles, i.e., <100 nm, was neglected. Indeed, the most 
penetrating particle size (MPPS) of charged filter media 
normally falls at 20–50 nm (Chang et al., 2015; Tang et al., 
2018a, b, c). The overestimation of EFs becomes more 
significant when the challenging aerosol particles have a 
larger number (or count) median diameter (NMD) due to 
the inherent relatively higher EF of larger particles. For 
example, the FE of a neutralized 500 nm by charged media 
could reach ~95 % but it reduced to ~88 % and ~80 % 
when the size was reduced to 100 nm and 50 nm (MPPS), 
respectively (Chen et al., 2014). Without taking the high 
penetration of small particles into account, the overall effi-
ciency was thus overestimated. This analysis also reveals 
the importance of complying with the specified size distri-
bution of challenging particles by the standards, which was 
an NMD of 0.075 ± 0.02 μm and geometric standard devi-

ation (GSD) of smaller than 1.86. The more shifting of size 
distribution to larger size ranges, the more significant 
overestimation of FE will be. To note, there exists a lack of 
correspondence between the specified size distribution 
(NMD ~0.075 μm) and particle detector (>0.1 μm) in the 
standard, which should be addressed in the future.

The filtration flow rate (or flow face velocity through 
media) designated by the standards was 85 L/min (or 
~10 cm/s face velocity). Some researchers performed the 
FE test with a face velocity lower than 10 cm/s, especially 
when a flat sheet of the FFR media instead of a whole FFR 
was evaluated. For an N95-rated FFR, the FE can increase 
from ~88 to 95 % for MPPS when reducing the face veloc-
ity from 10 to 5 cm/s (Chen et al., 2014). From the forego-
ing discussion, simplifications and noncompliance with 
standard methods could produce significant overestima-
tions of FE.

Given the limited access to required facilities and com-
pliance with complex experimental procedures, theoretical 
models based on the single fiber theory may be applied to 
predict the FEs (Chang et al., 2016). However, this method 
can also be problematic as it requires accurate specifica-
tions of the FFRs, i.e., fiber diameter, thickness, packing 
density (solidity), charge density, and face velocity. Among 
them, charge density is the most inaccessible parameter due 
to the complexity of charge figuration and its measurement. 
Thus, it is commonly seen that an estimated value of charge 
density was used in the calculation to match experimental 
FE data (Balazy et al., 2006; Chang et al., 2016; Hao et al., 
2021). However, the empirically-theoretically fitted 
charging density is accurate only when other filter parame-
ters are correctly determined. Even if other parameters are 
correct, an incorrect charging density may be obtained if 
any filtration equations for each deposition mechanism are 
incorrect, typically occurring for the equation of electro-
static deposition.

For a good preparation for future respiratory pandemics, 
it is urgent to develop a fast, convenient, and accurate 
method for manufacturers and certification laboratories to 
quickly qualify and prove the effectiveness of N95-EFs 
before distributing them to the market. Using a modified 
three-layer model based on the measured and calculated 
particle depositions through the cracks, researchers suc-
cessfully developed an empirical equation to predict the 
penetration rate of outdoor particles into buildings (Chen et 
al., 2012; You et al., 2012). Similarly, an empirical equation 
model combining experimental data and filtration theory 
and describing the relationship between variables is a po-
tentially useful method to quickly provide reliable predic-
tions and insights into the performance of N95-EFs.

1.3 Objectives
In this study, a rigorous test rig and strict measurement 

procedure in compliance with Chinese Standard GB 2626 
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(GB 2626, 2006) were applied to measure the efficiency of 
50 different commercial N95-EFs. The GB 2626 method 
was chosen because it was similar to the NIOSH standard 
and the majority (30 out of 50) of the tested respirators 
were KN95. In addition to the mass-based FE by a photom-
eter, the number-based size-fractioned FE was also deter-
mined by a scanning mobility particle sizer (SMPS, Model 
3938, TSI Inc., Shoreview, MN) for the 50 N95-EFs. In 
addition to the FE, the thickness, fiber size, solidity and 
surface potential of main filtration layer were measured. 
The charge density of N95-EF media was obtained by 
comparing the experimental and theoretical efficiency ac-
cording to Chang et al. (2016). The correlation between 
calculated charging density and surface potential was in-
vestigated. If a good linear correlation is seen, the easily 
accessible surface potential can substitute the charging 
density as a representative filtration parameter.

This study is trying to develop an empirical equation to 
predict the FEs of N95-EFs. Because FEs are size- 
dependent and number-based according to filtration theory 
(Hinds, 1999), the FE for MPPS measured by SMPS was 
selected as the target. The N95-EF can pass the evaluation 
if its FE at MPPS is higher than 95 %. The qualified 
N95-EF thus has a minimum FE of 95 % against any size 
of particles.

Considering many filter parameters that cannot be easily 
obtained, including solidity, charging density, and fiber di-
ameter, they may be excluded from the empirical equation. 
Instead, three easily accessible but essential parameters, 
including pressure drop, mask area, and surface potential, 
should be good representative variables of FE at MPPS and 
be applied in the empirical equation. The pressure drop of 
the respirator is the product of fiber diameter, solidity,, and 
thickness; thus, it should be an important parameter of FE. 
Since most N95-EFs are charged, the feasibility of using 
the surface potential in the empirical equation will be in-
vestigated. The respirator area was included because under 
a constant testing flow rate of 85 L/min, the face velocity 
and thus the FE would vary significantly. In fact, the area 
varies largely for commercial N95-EFs.

The developed equation will be evaluated by comparing 
its predictions with the experimental efficiency of MPPS 
particles. The model will be further validated by predicting 
the FE for 5 extra N95-EF samples. The final goal of this 
study is to provide this validated equation and its con-
straints for the use of manufacturers or certified laborato-
ries to quickly qualify N95-EFs to secure their quality.

2. Materials and methods
2.1 N95-EF sources and selection

The N95-EFs evaluated in this study included N95, 
KN95, KF94, and FFP2 respirators purchased from Ama-
zon, Costco Wholesale, Walmart, Kroger, and CVS. A total 
of 50 samples were collected and investigated for their FEs 

and specifications. Before the FE measurement, the first 
examination was to check their appearance. Samples that 
appeared to have any damage, deformation and defects on 
the surface were excluded. Besides, those N95-EFs con-
taining both nanofiber and microfiber layers (by SEM 
analysis) were also removed because their FE could not be 
easily predicted by filtration theory. Moreover, samples 
were also excluded when the variation of FEs for 5 ran-
domly picked respirators from the same box (usually sold 
with 20–50 packs per box) was too significant. For exam-
ple, when one standard derivation of FE (the measurement 
method will be shown later) from 5 samples was higher 
than 20 % of average efficiency. A high deviation means 
their average FEs were not statistically significant to be 
adopted. Finally, a total of 15 samples were excluded from 
the first examination.

Among the qualified 35 N95-EFs, the evaluation results 
of 30 samples were used to develop the empirical equation 
for predicting the FE at MPPS. The rest 5 samples were 
used to validate the equation. All samples were measured 
with their thickness, solidity (packing density), fiber diam-
eter, filtration area, charge density and pressure drop. To 
note, some N95-EFs contain more than one charged (ma-
jor) layer, so the above specifications should be determined 
based on all charged layers.

2.2 Thickness
The thickness of the main filter layer (excluding the top 

and bottom layers having very coarse fibers without 
charges, for support only) was measured by a digital caliper 
with a resolution of 0.001 mm. To increase the accuracy, 5 
pieces of the main layer cut from different locations were 
combined for their average thickness. The measurement 
was repeated for 5 runs for 5 respirators from the same box 
to obtain the representative thickness.

2.3 Solidity
Solidity was obtained by taking the ratio of the fiber 

volume to the total volume of the main filtration layer 
(usually meltblown of polypropylene) of the respirator. The 
total volume was determined by the product of media 
thickness and sample size (cut with 40 mm in diameter). 
The volume of the filtration layer was determined from the 
ratio of their weight to the sample volume. The solidity, α, 
is calculated as:

f
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π 4 / 4
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where W is the weight of the flat sheet [g], ρf is the density 
of the filter media (0.855 g/cm3 for polypropylene) and t is 
the thickness.

The fiber diameter applied in this study was the effective 
fiber diameter based on the solidity and pressure drop mea-
sured (Davies, 1973). Chang et al. (2016) have proven that 
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effective fiber diameter was applicable and suitable for the 
prediction of FE using single fiber efficiency theory.

2.4 Filtration area
In the determination of total filtration area of N95-EFs 

that exhibited different shapes and sizes, a simple method 
was developed. First, the pressure drop for the whole respi-
rator under 85 L/min was measured. Then, a flat circular 
sheet of 4 cm in diameter (or 12.56 cm2) was cut from the 
respirator and measured for its pressure drop under 10 cm/s 
(or 7.54 L/min). The pressure drop is linearly increased 
with face velocity for the same filter media. If the measured 
pressure drop of the whole respirator is P1 and that of the 
4 cm circular sheet is P2, the area of the whole respirator, 
A, is calculated as:

1 85 / 141.6 2

2 7.54 /12.56 1

P A P
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P P
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2.5 Theoretical filtration efficiency
The theoretical single fiber efficiency model was devel-

oped to predict the FE of both charged (or electret) and 
uncharged (or mechanical) filter media under clean condi-
tions (Chang et al., 2016; Hinds, 1999). It is widely ap-
plied, and here we summarize the models that can 
accurately predict the FEs for researchers’ reference 
(Chang et al., 2016, 2018; Liu et al., 2023; Tien et al., 
2020). The theoretical particle penetration, Ptheo, is calcu-
lated as (Bahk et al., 2013; Hinds, 1999; Wang et al., 2007, 
2011):
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where df is the fiber diameter in the filter media and ET is 
the total single fiber efficiency due to diffusion (ED), inter-
ception (ER), interception of diffusing particles (EDR), im-
paction (EI), and electrostatic attraction (Eq), and 
determined as:
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The ED, ER, EDR and EI are calculated as (Wang et al., 2007; 
2011):
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where Pe is the Peclet number, Ku is the Kuwabara hydro-
dynamic parameter, R is the ratio of particle to the fiber 
diameter, and Stk is the Stokes number. The Pe, Ku, and Stk 
are calculated as:
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where U0 is face velocity, D is the diffusion coefficient, ρp 
is NaCl density (2.2 g/cm3), dx is particle diameter, Cc is the 
Cunningham slip correction factor (Hinds, 1999) and μ is 
the air viscosity (N·s/m2). In Eqn. (4), Eq can be further 
calculated according to the depositions by the Coulombic 
force EqC(n) and that by the dielectric polarization force 
EqD, as:
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where EqC (n) is the function of the number of charges, and 
n, is the number of charges the particles carried. The EqC(n) 
and EqD can be calculated as (Chang et al., 2015):
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NCD and NDD are dimensionless parameters for charged and 
uncharged particles through bipolarly charged fibrous filter 
media, respectively, and defined as:

 

 

c

CD

0 f x 0
3π 1

C σq n

N

με ε d U





  

 

(15) 

 

 

  

 (15)

and

 

2 2

pc x

DD
2

p0 f f 0

12

23 1

εC σ d

N

εμε ε d U

 

  
  

  

 

(16) 

 

 

  

 (16)

where σ is the charging density of the fiber (C/m2), q(n) is 
the carried charges of the particle with dx (C), εf is the fab-
ric dielectric constant (1.5 for the polypropylene), ε0 is the 
permittivity of the vacuum (8.85 × 10–12 C2/N·m2) and εp is 
the relative permittivity of the particle which is 4.86 for 
NaCl.

By considering the charge distributions of particles (size 
dependent) through charged filter media, the size depen-
dent penetration, Ptheo,dx, is calculated as:
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where f(n) is the fraction of the dx particles that carry num-
ber of n charges and the total efficiency ET is rewritten to 
consider particle charges (up to 10 elementary charges) as:

          T D R DR I qC qD
1 1 1 1 1 1 1E n E E E E E n E          

 

(18) 
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To note, Eqn. (17) considers the polarization depositions 
for both neutral (zero charge) and charged particles, which 
resulted in an agreement between the model prediction and 
experimental data (Chang et al., 2016). Without consider-
ing the polarization deposition for charged particles, it 
would lead to errors. Eqn. (17) considers particle charges 
up to with 10 elementary charges, but normally the particle 
concentration fractions reduce to negligible (<1 %) for 
more than 6 charges for submicron particles (<1 μm).

From Eqns. (3) to (18), the theoretical EF is size depen-
dent, ηtheo,dx and calculated as:

theo, x theo, x
1

d d
η P    

 

(19) 

 

 

  

 (19)

The result of Eqn. (19) will be compared with the size 
fractioned efficiency determined by the SMPS (detailed in 
Section 2.7).

As shown above, to predict the efficiency of charged fil-
ter media using the theoretical model involves many equa-
tions and cumbersome calculations, which can easily cause 
errors. The charge density in Eqns. (15, 16) was not easily 
and accurately measured. Thus, one can extrinsically deter-
mine it by fitting a value of the charging to match the size 
fractioned efficiency curve between the theoretical calcula-
tion and experimental measurement (Chang et al., 2016). 
However, an accurate charging density can be obtained 
only if accurate experimental data are obtained and all re-
quired parameters presented in these equations are cor-
rectly measured and determined. This study intended to 
determine the empirical charging density of each respirator 
investigated, so the calculations were inevitable. To con-
clude, given the complexity of obtaining the theoretical ef-
ficiency, charge density, and all filter specifications, it is 
necessary to find an easily accessible method to quickly 
screen the effectiveness and FE of respirators.

2.6 Surface potential measurement
A Trek model 244A electrostatic voltmeter equipped 

with a 1017AE probe (Advanced Energy Industries, Inc., 
Denver, CO) was used to measure the dipolar surface po-
tential of the main filtration layer, as shown in Fig. 1. This 
voltmeter uses a technique that nullifies the field between 

the probe and the filter (Antoniu et al., 2011; Sachinidou et 
al., 2018). The potential Vp of the voltmeter probe is driven 
by the electronic circuitry of the instrument at the potential 
V of the monitored surface (Vp = V). Thus, the electric field 
in the air gap between the sample and probe is nullified. 
This measurement configuration is equivalent to that of a 
capacitor calculated as:

d

p

Q ε A

C

V t

    

 

(20) 

 

 

  

 (20)

where Cp is the capacitance of the capacitor, Q is the charge 
carried by the surface area A of the sample surface, V is the 
measured surface potential (i.e., a potential difference be-
tween the sensor and the tested surface), εd is the permittiv-
ity of the sample between the electrode and the tested 
surface, and t is the thickness of the sample (Kachi et al., 
2011). The surface electric charge density σ, assumed to be 
uniformly distributed, can be expressed as (Kachi et al., 
2011):

d
Vε

σ

t

   

 

(21) 

 

 

  

 (21)

During the surface potential measurement, the major layer 
was positioned onto a grounded metal plate and a noncon-
tact probe of the electrostatic voltmeter was placed 5 mm 
above the layer surface, according to Kachi et al. (2011). 
The environmental relative humidity (RH) was controlled 
between 30 % and 50 % to minimize the effect of RH on 
charge dissipation during the measurement (Kachi et al., 
2011). The samples were in circular shape with a diameter 
of 4 cm. To obtain representative results, 20 different spots 
on the surface of the sample were measured and averaged. 
To be mentioned, dragging the sample and causing friction 
with the surface should be avoided during measurements, 
which can generate static charges. The measurements were 
repeated for 5 different pieces from different respirator 
samples in the same box to provide the average and stan-
dard deviation.

The measured surface potentials were correlated with 
the obtained charged density from theoretical calculations.

Monroe 244A

860 V

Power Zero Probe

Gain

Sample d = 5 mm

1017AE probe

Electrostatic Voltmeter

Fig. 1 Schematic of surface potential measurement by electrostatic 
voltmeter.
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2.7 Filtration efficiency measurement
The standard GB 2626 method was applied to determine 

the performance of N95-EFs. Before the FE measurement, 
temperature and humidity conditioning were conducted. 
That is, 5 samples from a box were pretreated with tem-
perature and RH at 38 ± 2.5 °C and 85 ± 5 %, respectively, 
for 24 ± 1 hours. Then, they were conditioned under 
70 ± 3 °C and RH <30 % in a forced air oven for other 
24 ± 1 hours. Finally, they were treated  under –30 ± 3 °C 
in the freezer for other 24 ± 1 hours. We randomly picked 
10 samples to conduct the conditioning test.

The mass-based FE, ηm, based on the upstream, Cm,up, 
and downstream mass concentrations, Cm,down, of NaCl 
particles of the respirator under 85 L/min flow rate, was 
determined as:

m,down

m

m,up

1

C

η

C

    

 

(22) 

 

 

  

 (22)

The mass concentrations were measured by a TSI DustTrak 
DRX (Model 8533, TSI Inc., Shoreview, MN) photometer. 
The challenging particles required a specific size distribu-
tion having a NMD of 0.075 ± 0.02 μm and a geometric 
standard deviation (σg) less than 1.86. Fig. 2 shows an ex-
ample of the size distribution of the generated particles in 
this study.

The TSI 8130 Automated Filter Tester (TSI Inc., 
Shoreview, MN) is a standard reference test rig. It uses a 
laser with a wavelength of 780 nm to illuminate challeng-
ing particles and to detect light scattering for the upstream 
and downstream particles of the filter by photometers. 
Lights scattered from particles whose diameters are much 
smaller than the wavelength of the incident laser would be 
very weak (∝dx

6), so the sensitivity is largely reduced for 
small particles. Therefore, photometric measurement is 
largely biased toward the detection of larger particles in the 
distribution, and it can significantly overestimate the FE of 
the filter media, typically against the small challenging 
particles (Fig. 2, by the SMPS) for charged media. There-
fore, to provide the worst performance of respirator, the FE 
at MPPS, ηMPPS, which is the number-based minimum effi-
ciency is measured. To find ηMPPS, the largest size depen-

dent penetration, Plargest,dx, should be calculated by taking 
the ratio of upstream, Cn,up, to downstream number concen-
tration, Cn,down, of the respirator as:

x

n,down

MPPS largest,

n,up

1 1
d

C

η P

C
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The size distribution shown in Fig. 3 is the denominator in 
Eqn. (23). The experimental setup for mass-based and 
number-based FE measurements is shown in Fig. 3.

To measure the number-based filtration efficiency, the 
TSI SMPS (Model 3938, TSI Inc., Shoreview, MN) was 
applied, and the procedures are the same as that of the 
mass-based testing procedure by Dusttrak. Before intro-
ducing challenging particles into the respirator, they should 
be totally neutralized by a neutralizer, Po-210 here, which 
depends on the resident time (or flow rate) and ion concen-
tration (Hinds, 1999). It is worth mentioning that since the 
efficiency testing was under a flow rate of 85 L/min, the 
upstream concentration of the particle source at smaller 
particle size may be low, which can lead to inaccuracy of 
EF of MPPS (usually in 20–50 nm for charged media). 
Thus, a suitable atomizer that has a sufficiently high flow 
rate (dilution rate can be reduced) and high particle concen-
tration as well as the required size distribution is essential. 
In this study, a homemade atomizer with a maximum flow 
rate of 8 L/min was applied. The concentration of NaCl 
solution was 0.5–1.5 wt% in this study. To obtain represen-
tative results, measurements for the filtration efficiency by 
every type of FFRs were repeated at least five times using 
new samples.

3. Results and discussion
3.1 Specification of studied N95-EFs
3.1.1 Mass- and Number-Based FE

This study found that pretreatment with temperature and 
humidity did not change the FE results of the tested respi-
rators. Table 1 summarizes the specifications and FE data 
measured for the first 30 tested respirators, including mass- 
and number-based efficiency, MPPS, pressure drop, filtra-
tion area, thickness, effective fiber diameter, solidity, 
empirical charging density, and surface potential. The order 
of these respirators shown in the table was based on their 
mass-based efficiency from high to low. It is seen 9 out of 
30 did not pass 0.95 (or 95 %) mass-based efficiency. The 
pass rate shown here is reasonable because the half of them 
were purchased after January 2022, so only ~30 % failed. 
Due to the small size distribution of the NaCl challenging 
particles and more sensitivity of SMPS than the Dusttrak, 
as expected, the number-based efficiency was lower than 
that of mass-based ones except for samples 11, 16 and 21. 
These three respirators, in general, had a high pressure drop 
(150–225 Pa, oriented toward mechanical filter) and me-
dium charging density (MPPS not small), causing a higher 
efficiency toward small sizes. A total of 11 out of 30 tested 
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Fig. 2 Size distribution of challenging particles.

https://doi.org/10.14356/kona.2025002


Sheng-Chieh Chen et al. / KONA Powder and Particle Journal No. 42 (2025) 227–240 Original Research Paper

233

respirators did not pass the 95 % number-based efficiency. 
Samples 8, 17 and 20 passed mass-based FE while failed 
for number-based FE. Nevertheless, their number-based 
efficiencies were still acceptable (90.3 %, 86.3 % and 
90.9 %, respectively).

3.1.2 Pressure Drop, Filtration Area, and Other 
Physical Properties

The pressure drops of the tested N95-EFs under 85 L/min  
flow rate varied largely from 25 to 185 Pa. As mentioned, 
pressure drop is very important and it depends on several 
physical properties including packing density, fiber diame-
ter, thickness, and filtration area. As low as 50–65 Pa, 
samples 1, 4 and 5 passed both mass- and number-based 
95 % efficiency, which was attributed to their high charging 
density (discussed later). Comparing samples 4 and 5, the 
latter had larger filtration area (23 % increase) and finer fi-
ber diameter to compensate for its lower charging density. 
In general, the manufacturer intended to increase fiber 
charges to design their respirators with lower pressure drop 
for the comfort of the wearer. However, there is a high risk 
if the filter media is not properly charged when weighing 
and relying only on its low mechanical efficiency due to 
low pressure drop.

The filtration areas also varied largely from 143 to 
235 cm2. This means that the face velocity through the two 
extreme respirators had a 1.6 times difference, which can 
cause a nonnegligible filtration result. The differences in 
thickness, fiber diameter and solidity varied from 0.26 to 
0.98 mm, 3.74 to 12.1 μm, and 0.091 to 0.195, respectively. 

The largest differences were 3.8, 3.2, and 2.1 times for 
these three parameters. Without considering their effective-
ness, these randomly purchased N95-EFs had large differ-
ences in their physical design parameters. These 
unreasonably high differences were the potential reasons 
causing the failures of many respirators.

3.2 Empirical charging density
Once the required physical properties were obtained 

(Table 1), the charging density can be treated as the only 
variable in the theoretical FE calculation to match the ex-
perimental data. As expected, after applying favorable fiber 
charging density into the modeling, good agreements of 
whole size fractioned efficiency curve between theory 
(Eqns. (3)–(19) and (22)–(23)) and data were obtained for 
all samples. Fig. 4 shows examples of the comparisons for 
4 representative N95-EFs, including an N95 (#11), a KN95 
(#17), a KF94 (#5), and an FFP2 (#9). It can be seen that 
the two curves almost collapsed together for all sizes, indi-
cating that the applied charging density and the measured 
physical properties were very accurate.

3.2.1 MPPS and Charging Density
The charging density of the 30 samples varied from 2 to 

122. The MPPS of filter media measured was closely re-
lated to the charging density and fiber diameter of the filter 
media (Chang et al., 2016; Tang et al., 2018a, b, c). When 
the media carried a relatively high charge, e.g., ≥50 μC/m2, 
the MPPS would obviously move to small sizes, e.g., 
<50 nm. Our measurement results agreed with this trend. 
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HEPA filter
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air
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pump
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Flow meter
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Fig. 3 Test rig for measuring both mass- and number-based FEs of N95-FEs.
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For example, the MPPSs were smaller than 40 nm for me-
dia with charges higher than 85 μC/m2. The shifting of 
MPPS to small sizes is due to relatively large enhancement 
of deposition by fiber charge for larger particles than 
smaller ones. Both Coulombic and polarization attractions 
were almost negligible for particles smaller than ~50 nm 
due to relatively low carried and induced charges for small 
particles. On the contrary, when charging density smaller 

than ~10 μC/m2, they could be treated as a mechanical fil-
ter. For example, samples 26–30 had relatively large 
MPPSs ranging 143–450 nm. It was speculated that the 
media were not successfully charged as expected or the rate 
of charge decay was too fast. As mentioned earlier, this is 
risky as these respirators relied mostly only on mechanical 
filtration, such as samples 29 and 30 had a relatively low 
efficiency of ~40 %.

Table 1 Specifications and test results of 30 commercial N95-EFs.

Label Mass η Number 
η at 
MPPS

MPPS 
(nm)

∆P of 
whole 
mask 
(Pa)

ΔP of 4 cm 
flat sheet 
@10 cm/s 
(Pa)

Mask 
area 
(cm2)

Thickness 
(mm)

The fiber 
diameter 
(μm)

Solidity Charge 
density 
(μC/m2)

Surface 
potential 
(V)

Std.  
± (V)

1 0.998 0.985 29.4 50.0 75.0 212 0.98 10.2 0.135 122 1393.1 203.7

2 0.996 0.987 39.2 107.5 127.5 168 0.4 5.6 0.158 85 824.3 125.4

3 0.993 0.977 45.3 130.0 137.5 149 0.31 3.7 0.131 75 594.0 39.6

4 0.989 0.978 33.0 62.5 77.5 175 0.38 4.7 0.099 95 760.3 137.2

5 0.989 0.966 34.0 63.5 95.0 215 0.34 4.1 0.091 55 575.3 101.2

6 0.985 0.951 45.3 120.0 150.0 177 0.35 5.7 0.180 45 577.5 166.4

7 0.985 0.961 52.3 115.0 137.5 169 0.49 4.9 0.128 48 586.1 216.5

8 0.983 0.903 125.0 185.0 237.5 181 0.32 4.4 0.180 15 203.6 40.4

9 0.981 0.955 60.4 157.5 172.5 155 0.36 5.2 0.184 35 475.5 225.2

10 0.979 0.957 50.5 150.0 200.0 188 0.34 5.4 0.189 35 331.3 130.2

11 0.979 0.989 45.3 170.0 172.5 143 0.44 5.2 0.175 58 663.3 95.6

12 0.979 0.958 52.3 110.0 155.0 199 0.36 5.3 0.159 45 477.8 86.1

13 0.975 0.957 39.2 70.0 107.5 217 0.31 4.7 0.120 65 428.4 83.5

14 0.972 0.962 62.6 142.5 237.5 235 0.35 5.8 0.195 33 343.6 108.7

15 0.969 0.954 58.3 110.0 150.0 193 0.55 7.5 0.181 40 468.1 97.8

16 0.966 0.970 52.3 135.0 150.0 157 0.48 4.9 0.142 52 567.7 72.6

17 0.964 0.863 54.2 82.5 120.0 205 0.26 6.1 0.184 21 136.1 59.5

18 0.963 0.952 50.5 110.0 137.5 177 0.36 6.1 0.181 48 572.6 81.2

19 0.963 0.953 58.3 115.0 155.0 190 0.4 5.8 0.168 28 529.2 93.3

20 0.956 0.909 39.2 77.5 100.0 182 0.55 5.6 0.111 40 376.9 233.4

21 0.953 0.955 47.9 140.0 225.0 227 0.32 5.0 0.178 45 606.6 85.2

22 0.936 0.873 45.3 72.5 100.0 195 0.35 7.6 0.186 25 204.6 86.3

23 0.914 0.866 52.3 68.8 87.5 180 0.36 7.7 0.180 15 169.6 34.8

24 0.905 0.873 93.1 75.0 102.5 193 0.49 7.1 0.151 15 174.0 11.3

25 0.904 0.846 69.8 66.5 95.0 199 0.41 8.9 0.194 15 145.7 56.3

26 0.875 0.832 143.0 67.5 97.5 204 0.56 6.6 0.122 8.5 128.2 20.4

27 0.866 0.808 160.4 72.5 100.0 195 0.46 6.8 0.145 10 96.5 10.7

28 0.848 0.805 254.0 92.5 130.0 199 0.47 5.6 0.135 12 103.2 12.4

29 0.464 0.360 294.3 45.0 62.5 196 0.43 9.9 0.173 2 45.7 5.3

30 0.395 0.201 450.0 25.0 37.5 212 0.39 12.1 0.166 3 56.5 8.31
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3.2.2 Charging Density and Surface Potential
Table 1 also shows the measured surface potentials and 

standard deviations for the 30 samples. The surface poten-
tials varied largely from 45.7 to 1393 and the deviations 
were not small, which majorly ranged ~10–40 % of the 
average potential. The surface potential is valid to be  
applied to the empirical equation only when it linearly 
correlates with the charging density. Fig. 5 shows the  
comparison between the charge density and surface poten-
tial. A fairly good linear correlation with R-squared value 
of 0.906 was obtained. Therefore, this allowed us to substi-
tute the charge density by the easily accessible surface po-
tential to describe the charging property of filter media. 
This is a very important finding first reported, which was 
strictly based on rigorous experiments and theoretical cal-
culations.

3.3 Empirical equation for the FE of MPPS
Now the final step toward the applicability of the empir-

ical equation involving only pressure drop, filtration area 
and surface potential to predict the efficiency of MPPS is to 
compare the prediction to the experimental data. Again, the 
three parameters are relatively easy to obtain as described 
earlier. Preferably, penetration may be used in the empirical 
equation as it was the first calculation result (Eqn. (17)) in 
the modeling. However, to have an intuitive relation with 
the 95 % FE of N95-EFs, we chose to use efficiency in the 
equation. There are many commercially available fitting 
programs, and we used TableCurve 3D software (Systat 
Software Inc., San Jose, CA) to find the equation.

When all three parameters are applied, there will be 3 
independent and 1 dependent variables, which are one di-

mension over what the software can do. So, we combined 
the pressure drop and surface area by multiplying them to-
gether. This is reasonable as the FE increases with both 
parameters. Further, to make each term of the variable in 
the equation dimensionless, the reference pressure drop, 
respirator area, and surface potential should be determined. 
Ideally, the parameters from a standard filter media should 
be used. However, it is not available for now and has to be 
developed in the near future. We thus tried using a NIOSH 
certified N95, i.e. sample 11, as the reference.

The developed equation was a curved surface having a 
format of:

2 3

MPPS,p
 ln   (ln  ) +  (ln  ) +  ln η a b x c x d x e y     

 

(24) 

 (24)

where a = 1.0036, b = –0.01725, c = 0.09753, d = 0.18983, 
e = –0.03338, R2 = 0.966, ηMPPS,p is the predicted FE of 
MPPS, x is the normalized product of the pressure drop and 
respirator area (x = (∆P∙S)sample/(∆P∙S)N95), and y is the 
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normalized surface potential (y = Vsample/VN95). The com-
parison between measured and predicted FE at MPPS for 
the 30 samples is shown in Table 2. With a good R-squared 
value of 0.966, it can be seen that the predicted FEs (η 
predicted) by the empirical equation are less than 8 %  
(majorly less than ~3 %) difference from the experimental 
FEs (η data). The equation is very reliable because its pre-
diction is accurate in distinguishing whether the samples 
pass or fail 95 % FE. For example, the equation would not 
predict a pass if the data showed fail and vice versa. The 
only exceptions were sample 10 and 20. The empirical 

equation underestimated the FE of sample 10 for about 
2 %, and overestimated that of sample 20 for about 5 %. 
Therefore, we believe that the accuracy of the equation can 
be further improved by adding more data. Typically, we 
should have more mechanical respirators and those respira-
tors that have FE around 95 % to comprehend the  
equation.

3.4 Validation and application of the developed 
empirical equation

It is very meaningful to validate the accuracy and  

Table 2 Comparison of the predicted efficiency by the empirical equation model with the experimental efficiency.

Label x y η, data η, predicted Residual

1 0.435 2.100 0.9849 0.9601 –0.0248

2 0.739 1.243 0.9867 0.9857 –0.0010

3 0.797 0.896 0.9766 0.9731 –0.0035

4 0.449 1.146 0.9781 0.9535 –0.0246

5 0.551 0.867 0.9655 0.9699 0.0044

6 0.870 0.871 0.9513 0.9691 0.0178

7 0.797 0.884 0.9605 0.9726 0.0121

8 1.377 0.307 0.9033 0.9056 0.0023

9 1.000 0.717 0.9546 0.9571 0.0025

10 1.160 0.500 0.9569 0.9370 –0.0199

11 1.000 1.000 0.9893 0.9703 –0.0190

12 0.899 0.720 0.9575 0.9600 0.0025

13 0.623 0.646 0.9570 0.9619 0.0049

14 1.377 0.518 0.9624 0.9500 –0.0125

15 0.870 0.706 0.9540 0.9601 0.0061

16 0.870 0.856 0.9704 0.9684 –0.0020

17 0.696 0.205 0.8631 0.8510 0.0103

18 0.797 0.863 0.9516 0.9717 0.0201

19 0.899 0.798 0.9533 0.9645 0.0112

20 0.580 0.568 0.9087 0.9525 0.0438

21 1.304 0.915 0.9549 0.9730 0.0181

22 0.580 0.308 0.8727 0.9030 0.0303

23 0.507 0.256 0.8663 0.8704 0.0041

24 0.594 0.262 0.8727 0.8851 0.0124

25 0.551 0.220 0.8458 0.8564 0.0106

26 0.565 0.193 0.8315 0.8373 0.0058

27 0.580 0.146 0.8078 0.7820 –0.0258

28 0.754 0.156 0.8053 0.7976 –0.0077

29 0.362 0.069 0.3600 0.4387 0.0787

30 0.217 0.085 0.2013 0.1905 –0.0108
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feasibility of the equation. So, we use extra 5 new samples 
to test the equation. Table 3 summarizes the pressure drop, 
filtration area, surface potential, and measured and pre-
dicted MPPS FE. Results showed that the maximum differ-
ence between data and prediction was only 3.4 %. 
Therefore, it is to conclude that the empirical equation is 
easy to use and can be applied to predict the MPPS FE.

3.5 Application of the developed empirical 
equation

The developed empirical equation Eqn. (24) was applied 
to help redesign the mechanical filters that were examined 
and did not pass 95 % MPPS FEs. Samples 8, 26, 28, 29 
and 30 (see Table 1) were selected as representative me-
chanical respirators. By keeping the filtration area and sur-
face potential unchanged, the equation was able to find the 
pressure drop required to improve them to have an MPPS 
FE larger than 95 %. The pressure drop required to be in-
creased (or adding, e.g., through adding thickness) are 
summarized in Table 4. Sample 8 only needed 52.1 Pa to 
increase its MPPS FE from 90.3 % to 95 %, but others 
needed more (~180–360 Pa) as their original FEs were 
lower (~0.2–0.83). Comparing the calculation results be-
tween samples 29 and 30, a lower adding of pressure drop 
was needed for Sample 30 even its original FE was lower. 
This was attributed to the larger size of MPPS for sample 
30 (450 nm) than 29 (294 nm). This indicated that 
Eqn. (24) with the feeds of data from 30 respirators is 
smart enough to consider the size effect in the filtration 
mechanism. One can also use Eqn. (24) to find the required 
filtration area or surface potential (or charging density) for 
these mechanical respirators to pass 95 % MPPS FE. Ulti-

mately, the equation also allows users to adjust all three 
main parameters at the same time to design a good N95-EF 
with low pressure drop or low quantity of filter media. 
However, to note, Eqn. (24) is applicable to predict the 
MPPS FE for the respirators with specifications falling in-
side the boundary of the 30 samples. That is, it is limited to 
pressure drop from 25 to 185 Pa, filtration area of 143–
235 cm2 and surface potential of 46–1393 V.

4. Conclusion
To determine whether an N95 Equivalent-Facepiece fil-

tering respirator (N95-EF) has passed 95 % filtration effi-
ciency (FE), either through experimental measurement or 
theoretical calculation, is complex and cumbersome. This 
complexity could be the major reason causing the high 
failure rate for N95-EF sold in the market at the beginning 
of the COVID-19 pandemic, as respirator manufacturers 
could not easily follow the standard protocols to control 
their quality. In this study, we proposed a simple method to 
qualify commercial N95-EFs. It was based on rigorous 
empirical evidence and theoretical calculations. Specifi-
cally, we utilized three important and easily accessible 
respirator parameters including pressure drop, filtration 
area, and surface potential to form an empirical equation to 
predict FE at the most penetrating particle size (MPPS). 
Notably, The surface potential well correlated with the 
charging density, so it was used as its substitute. To note, 
the equation is reliable only if these parameters are defined 
correctly.

In the development of the empirical equation, we first 
built a standard test rig based on Chinese Standard GB 2626 
to perform both mass- and number-based efficiency  

Table 3 Validation of the developed empirical equation for 5 new masks.

New Sample ∆P (Pa) Area (cm2) Average surface 
potential (V)

Measured η at 
MPPS

Predicted η at 
MPPS

Residual

A  67.5 204 142.1 0.830 0.857 –0.027

B  72.5 200 175.5 0.866 0.877 –0.011

C 170 145 750.1 0.984 0.971 –0.013

D 110 199 477.3 0.958 0.950 –0.008

E  82.5 193 167.4 0.841 0.875 0.034

Table 4 Empirical equation application for mechanical filters.

Label Mass η Number η 
at MPPS

MPPS ∆P (Pa) Surface 
area (cm2)

Surface 
potential (V)

Required η 
at MPPS

Predicted 
∆P (Pa)

∆P adding 
(Pa)

 8 0.983 0.903 125 185 181 203.6 0.95 236.2  52.1

26 0.875 0.832 143  67.5 204 128.2 0.95 251.4 183.9

28 0.848 0.805 254  92.5 199  89.4 0.95 298.1 205.6

29 0.464 0.361 294  45.0 196  45.7 0.95 405.6 360.6

30 0.395 0.201 450  25.0 212  56.5 0.95 340.7 315.7
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evaluation of 35 different commercial N95-EFs. In addi-
tion, all respirators were measured with their thickness, fi-
ber size, packing density, surface potential, and filtration 
area. The surface potential was correlated with the charge 
density derived through the comparison between the exper-
imental and theoretical efficiency. Findings demonstrated a 
good correlation between filter charge density and surface 
potential validating the substitution.

The prediction of MPPS FE by the equation was accu-
rate and majorly (28 out of 30) with ≤3 % of efficiency 
difference from the data. The empirical equation was suc-
cessfully validated by comparing it with data from addi-
tional 5 new samples. The empirical equation was also 
successfully applied to help redesign mechanical respira-
tors. To conclude, this work provides a simple empirical 
equation for quickly qualifying FEs of respirators. The 
equation can also be applied to design N95-EFs.

In conclusion, this study presents a straightforward em-
pirical equation for rapidly assessing the filtration efficien-
cies of respirators, which can also guide N95-EF design. 
The equation is powerful but for now it is applicable to the 
respirators with specifications falling inside the boundary 
of the 30 samples tested. It is limited to pressure drop from 
25 to 185 Pa, filtration area of 143–235 cm2 and surface 
potential of 46–1393 V. To further improve the accuracy of 
the equation, more respirators should be tested, and their 
data should be included in refining the empirical equation.
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Nomenclature
FE Filtration efficiency
FFR Facepiece filtering respirator
GSD Geometric standard deviation
MPPS Most penetrating particle size
NMD Number median diameter
NIOSH National Institute for Occupational Safety and Health
GB National Standards of the People’s Republic of China
N95-EF N95 equivalent facepiece filtering respirator
A Surface area

Cc Cunningham slip correction factor
Cm,up Upstream mass concentration
Cm,down Downstream mass concentration
Cn,up Upstream number concentration
Cn,down Downstream number concentration
Cp Capacitance of the capacitor
D Diffusion coefficient
df Fiber diameter in the filter media
dx Particle diameter
ET Total single fiber efficiency
ED Partial diffusion efficiency
ER Partial interception efficiency
EDR Partial efficiency for interception of diffusing particles
EI Partial impaction efficiency
Eq Partial electrostatic deposition efficiency
EqC Depositions by the Coulomb force
EqD Depositions by the dielectric polarization force
Ku Kuwabara hydrodynamic parameter
NCD Dimensionless parameter for charged particles through 

bipolarly charged fibrous filter media
NDD Dimensionless parameter for uncharged particles 

through bipolarly charged fibrous filter media
Pe Peclet number
Plargest, dx Largest size dependent penetration
Ptheo, dx Theoretical particle penetration
P1 Measured pressure drop of the whole respirator
P2 Measured pressure drop of the 4 cm circular sheet
q(n) Carried charges of the particle (C)
Q Charge carried by the sample surface
R The ratio of particle diameter to fiber diameter
Stk Stokes number
t The thickness of sample
U0 Face velocity (cm/s)
V Measured surface potential
Vp The potential of the voltmeter probe
W Weight of the flat sheet (g)
x Normalized product of pressure drop and mask area
y Normalized surface potential
α Solidity
εd The permittivity of the sample between the electrode 

and the tested surface
εf Fabric dielectric constant
εp The relative permittivity of the particle
ε0 The permittivity of the vacuum (8.85 × 10–12 C2/N·m2)
ŋtheo,dx Theoretical filtration efficiency
ŋm Mass-based filtration efficiency
ŋMPPS Number-based minimum efficiency
ŋMPPS,p Predicted number-based minimum efficiency
μ Air viscosity (N·s/m2)
ρf The density of filter media (g/cm3)
ρp Particle density (2.2 g/cm3 here)
σ Charge density (C/m2)
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The rheological characterization of mineral slurries is a complex task, 
especially in the presence of coarse particles with high specific gravity, 
such as hematite. In laboratory rotational rheometers (LRRs), entrance 
effects, particle settling, and Taylor vortices can jeopardize the accuracy 
of the results. This paper presents a new methodology for the 
rheological characterization of mineral slurries in tubular devices and 
the Principle of Maximum Entropy (PME) supports this new approach. 
Iron ore slurries were prepared at mass concentrations of 36.8 % and 
43.6 % solids and subjected to rheological characterization in LRR and 
a pumping loop tubular device (PLTD). The results from LRR revealed 
shear-thickening behavior for the slurries; whereas the results from 
PLTD, associated with entropic equations for the friction factor and shear rate, revealed shear-thinning behavior (at low shear rates) and 
shear-thickening behavior (at high rates). The results from LRR plus PLTD were plotted in a single rheogram, and curve fitting was 
accomplished by the power law model (R2 = 0.995), indicating an overall shear-thickening behavior. PME proved to be capable of 
supporting the rheological characterization of mineral slurries at shear rates above 1500 s–1 in PLTD, complementing the results obtained 
by LRR.
Keywords: rheometry, mineral slurries, the principle of maximum entropy

1. Introduction
Ores are often beneficiated in the form of slurries, which 

are subjected to different unit operations of mineral pro-
cessing. Consequently, concentrates and tailings are also 
yielded as particulate suspensions, which are classified as 
pseudo-homogeneous fluids and exhibit complex rheologi-
cal behavior (Kawatra and Bakshi, 1995). Thus, the rheol-
ogy of mineral slurries is of vital importance for determining 
the operating conditions of flow (flow velocity and head 
loss), for the design and selection of pipelines and pumps, 
and for estimating energy consumption (Whiten et al., 
1993).

The rheological characterization of mineral slurries pres-
ents many challenges, especially when performed in rota-
tional rheometers and in the presence of coarse particles 
with high specific gravity. Under these conditions, wall 
slipping effects (Mooney, 1931; Senapati and Mishra, 
2014), particle settling (Kawatra and Bakshi, 1996; Klein 

and Laskowski, 2000), centrifugal force (Mezger, 2020), 
and Taylor vortices (Pereira and Soares, 2012; Shi, 2016) 
recur. Such effects isolated or associated, can significantly 
jeopardize the accuracy of measurements. Therefore, an 
alternative to rotational and tube-capillary devices would 
be a tubular apparatus (test-loop experimental facility) that 
reproduces real flow conditions, i.e., turbulent flows, with 
high shear rates in rough pipes of larger diameters.

From an experimental perspective, previously existing 
challenges can be overcome with tubular devices of the 
pumping loop type. However, there is a gap in the literature 
regarding the determination of shear rate for turbulent  
flow of non-Newtonian fluids, since the established  
Rabinowitsch–Mooney model was developed for the lami-
nar regime (Chilton and Stainsby, 1998; Chhabra and 
Richardson, 1999). Thus, the objective of this work is to 
present and propose a new methodology, based on the 
Principle of Maximum Entropy (PME), for shear rate and 
apparent viscosity determination of mineral slurries in 
pumping loop tubular devices (PLTD) because they can 
operate under experimental conditions that are closer to the 
reality of flow in pipes. The model used in this work for 
shear rate was obtained from the entropic velocity distribu-
tion maintained by Chiu et al. (1993) and developed for 
flow in tubes, which is applicable to Newtonian and 
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non-Newtonian fluids in laminar and turbulent regimes, 
regardless of tube roughness (Louzada et al., 2021).

1.2 Theoretical background
Rheology is classically defined as the science that stud-

ies the flow and deformation of matter under the action of 
external forces (Slatter, 2000). The rheological behavior of 
a fluid is described by the functional relationships between 
shear stress and shear rate or between viscosity and shear 
rate, which are governed by constitutive rheological equa-
tions (Peker and Helvaci, 2007).

Laboratory rotational rheometers (LRRs) were designed 
based on the dynamics of circular movements. In these de-
vices, the torque is determined as a function of the angular 
velocity applied to the sensor in contact with the fluid. 
Stress and shear rate are calculated from the torque and 
angular velocity, respectively, through specific correlations 
for each sensor. LRR are classified according to sensor ge-
ometry into concentric cylinders, cone plates, parallel 
plates, vanes, and Mooney–Ewart (Barnes et al., 1989; 
Boger, 2009; Kelessidis and Maglione, 2008).

The most widely used rotational device is the concentric 
cylinder type, in which the fluid is confined in the annular 
space between the inner and outer cylinders. In the Searle 
system, the outer cylinder remains at rest, while the inner 
cylinder rotates. High rotational speeds can cause centrifu-
gal force effects, secondary flows, and Taylor vortices, 
which can jeopardize the accuracy of the measurements 
(Mezger, 2020; Shi, 2016). Eqns. (1) and (2) allow the 
calculation of the shear rate (γ�   
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The flow conditions in a concentric cylinder-type device 
operating in the Searle system can be determined from the 
Taylor number (Ta), defined according to Eqn. (3) (Shi, 
2016). Therefore, according to the magnitude of the Taylor 
number, the following flow regimes are defined (Shi, 
2016): i) laminar if Ta < 41.3; ii) laminar as vortices begin 
to appear when 41.3 < Ta < 400; iii) Turbulent for Ta > 400.
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Tubular rheometers are devices of simple design, essen-
tially built with circular tubes and equipped with a pump-
ing system, flow, and pressure meters (Fangary et al., 1997; 
Giguère et al., 2009). The rheological characterization 
performed in these devices is called an inverse problem in 
rheology, in which the shear stress (τw) and shear rate (
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are determined from the pressure gradient (ΔP/L) and mean 

velocity of fluid flow (u   
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), according to Eqns. (4) and (5), 
respectively (Boger, 2009; Ma et al., 2012).

w

Δ

.

4

P D

τ

L

   
    

   

  

 

(4) 

 

 

  

 (4)

w

8

  =

u

γ

D

�   

 

(5) 

 

 

  

 (5)

Eqn. (4) is used for any type of fluid regardless of the 
flow regime. On the other hand, Eqn. (5) is applied only to 
fluids with Newtonian behavior and laminar flow regime. 
For fluids with non-Newtonian behavior and laminar flows, 
the shear rate can be determined from the Rabinowitsch–
Mooney model, as expressed by Eqn. (6). In this model, 
the correction factor n’ is determined from the shear stress, 
mean velocity flow, and pipe diameter, according to 
Eqn. (7) (Chhabra and Richardson, 1999; Kitanovski et al., 
2005; Lu and Zhang, 2002; Metzner and Reed, 1955).
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1.2.1 The principle of maximum entropy (PME)
The term entropy is not restricted to the thermodynamic 

state function. In the context of information theory, entropy 
is a measure of information or uncertainty about a given 
variable (Singh et al., 2017). For continuous random vari-
ables, Claude Shannon defined the entropy of a variable (u) 
according to Eqn. (8) (Chiu, 1989), where f(u) is the prob-
ability density function of u.
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In his work, Chiu (1987) applied PME to hydraulic engi-
neering, developing physically consistent models for ve-
locity distributions, shear stress, and sediment concentration 
in open channels. The application of PME to fluid flow es-
sentially consists of determining velocity entropy from 
Eqn. (8) and maximizing it based on Lagrange multipliers 
(Singh, 2014). PME and the maximization technique were 
applied by Chiu et al. (1993) to obtain velocity distribu-
tions for flows in tubes, defined by Eqn. (9) and applicable 
to fluids with Newtonian and non-Newtonian behaviors, 
regardless of the flow regime and roughness of the tube.
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Eqn. (10) correlates the entropic shear rate, w(E)
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 defined 
as the velocity gradient in the wall, with the entropic pa-
rameter (M), mean flow velocity (u   
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), and tube internal di-
ameter (D) (Louzada et al., 2021).
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Once obtained from a universal velocity distribution, 
Eqn. (10) allows the determination of the shear rate for any 
type of fluid, in the laminar or turbulent regime, and regard-
less of tube roughness. The literature also reports a model 
for the friction factor expressed as a function of the appar-
ent Reynolds number (Rea) and the entropy parameter (M), 
as shown in Eqn. (11) (Souza and Moraes, 2017).
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In a more recent contribution, Louzada et al. (2021) 
proposed a model for the entropic friction factor, defined 
only as a function of the entropy parameter, according to 
Eqn. (12).
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In the present work, Eqn. (12) is used to determine pa-
rameter M, using friction factor values obtained previously 
from the experimental data of the pressure gradient (ΔP/L) 
and mean flow velocity ( )u   
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 resorting to the Darcy– 
Weissbach equation (Eqn. (13)).
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The apparent viscosity (η) is calculated from the well-
known Eqn. (14).
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2. Materials and methods
2.1 Technological characterization of iron ore

The mining company Vale SA provided the iron ore 
sample used in this work. It comes from Carajás, Pará, 
Brazil. The technological characterization of the ore con-
sisted of determining its mineralogical composition, chem-
ical composition, particle size distribution, and specific 
gravity. The mineralogy was determined by X-ray diffrac-
tion (X’Pert Diffractometer, Philips 1997), in which the 
following minerals were identified: hematite, goethite, 
quartz, and magnetite. The chemical composition of the ore 
by X-ray fluorescence (Malvern Panalytical–Zetium 
Model) is shown in Table 1. Results on particle size distri-
bution by laser diffraction (Mastersizer 2000–Malvern 
Instruments Ltd) are reported in Table 2. The specific 
gravity (4805 kg/m3) of the iron ore was determined by gas 
pycnometry (Quantachrome pycnometer) using a cell with 
a volume of 150.87 cm3. The measurement was performed 
at 21.8 °C by using nitrogen.

2.2 Rotational rheometry
Rotational rheometry experiments were conducted in an 

Anton Paar MCR 92 rheometer equipped with the Rheo-
CompassTM software and operating on the Searle system. 
In this study, a Mooney–Ewart-type sensor (CC39) was 
used. The diameters of the inner and outer cylinders are 
38.716 mm and 42.010 mm, respectively. The height of the 
inner cylinder corresponds to 60.014 mm, and the angle of 
the conical surface is 120°.

The experiments were carried out with slurries prepared 
at concentrations of 36.8 % and 43.6 % of solids (mass 
basis), and the shear rate values were kept in the range of 
50 s–1 and 1450 s–1. The specific gravities of the slurries 
were: 1363.2 kg/m3 and 1483.7 kg/m3 for solid concentra-
tions of 36.8 % and 43.6 %, respectively. The experiments 
were carried out after a previous stirring step for 120 sec-
onds, at a shear rate of 1450 s–1, in order to keep the parti-
cles suspended and mitigate the sedimentation effect. Once 
the 120 second stirring time elapsed, the shear rate was 
gradually reduced from 1450 s–1 to the final value of 50 s–1. 
The experimental results were submitted to curve fitting 
using the Power Law and Tscheuschner rheological models 
(Tozzi and Hartt, 2021).

2.3 Tubular rheometry
A tubular device constructed with a pipe with an internal 

diameter of 76.2 mm was used in the tubular rheometry 
tests (Fig. 1). Horizontal sections of the pipeline were 
constructed in perspex sections to allow flow visualization. 
The experimental apparatus consists of a tank, a pump, and 
a pipeline endowed with flow and pressure sensors. The 
tank has a usable volume of 1 m3, and is equipped with a 
stirrer driven by a 6 HP WEG electric motor controlled by 

Table 1 Chemical analysis of the iron ore.

Elements Grade (%)

Fe 64.3

SiO2 2.50

Al2O3 1.50

P 0.077

Mn 0.22

TiO2 0.13

CaO <0.10

MgO <0.10

LOI 3.44

Table 2 Size analysis of the iron ore.

d3,2 (μm) d10 (μm) d50 (μm) d90 (μm)
4.37 1.55 21.54 76.25
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a frequency inverter (WEG–CFW 500). The slurry was 
transported by a Warman centrifugal pump, model 4/3C-
AH, driven by a 22 kW WEG W22 electric motor at a 
nominal speed of 1765 rpm, and controlled by a WEG fre-
quency inverter, model CFW700. Pressure transducers 
(Siemens) and flow meters (Krohne Connaut) provided 
data regarding pressure drop and volumetric flow. The 
process variables were monitored and stored using a data 
acquisition system equipped with a digital indicator (DMY-
2015 model) and VR2000 software version 3.3, both man-
ufactured by Presys.

The experimental procedure consisted of hydraulic 
transport, in a closed circuit, of the slurries prepared at the 
same solid concentrations as in the rotational rheometry 
tests. The pressure differences (ΔP) corresponding to the 
operating volumetric flows (Q) were measured.

From these experimental data, the friction factor was 
calculated from the Darcy–Weisbach equation. Shear stress 
(τw), entropic shear rate ( w(E)

γ�   

 

(24) 

 

 

  

), apparent Reynolds number 
(Rea), parameter M, and apparent viscosity (η), were deter-
mined using Eqns. (4), (10), (11), (12), and (14), respec-
tively.

3. Results and discussion
3.1 Rotational rheometry

The results of the shear stress as a function of shear rate, 
obtained by rotational rheometry, are shown in Fig. 2.

All suspensions behaved as shear-thickening fluids, with 
viscosity increasing with the increase in the shear rate, as 
observed in Fig. 3.

Furthermore, for the same shear rate, the slurry viscosity 
increases with increasing solids concentration. The behav-
ior indices (n) referring to the suspensions with 36.8 % and 
43.6 % solids showed values of 1.532 and 1.493, respec-
tively, as shown in Table 3, corroborating the shear- 
thickening behavior. According to Brown and Jaeger (2014), 

when the behavior index (n) reveals values between 1 and 
2, the fluid is classified as continuous shear thickening.

The experimental data were also adjusted using the 
Tscheuschner model, as shown in Table 4. The Bingham 
model was not used because it is inadequate to fit experi-
mental data that follow nonlinear behavior at lower shear 
rates (Boger, 2009; Slatter, 2000).

Inertial effects and the possible occurrence of Taylor 
vortices were also investigated in rotational rheometry ex-
periments. The peripheral velocity of the sensor was  
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Fig. 2 Shear stress as a function of the shear rate, obtained by rota-
tional rheometry.
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Fig. 3 Apparent viscosity as a function of shear rate, obtained by rota-
tional rheometry.

Fig. 1 Test-loop experimental facility.

Table 3 Power Law rheological model for iron ore slurries.

Cm/m (%) Power Law model R2

36.8 4 1.532

 = 1.62 10τ γ
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43.6 4 1.493

 = 2.30 10τ γ
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calculated from the rotation values provided by the 
RheoCompass software. Fig. 4 presents the Taylor number 
values as a function of the shear rate for the studied iron ore 
suspensions. The results depicted in Fig. 4 show that the 
values of the Taylor number (Ta) for the two suspensions 
(36.8 % solids versus 43.6 % solids) are very close due to 
the fact that they were obtained at the same speeds and with 
the same sensors. Furthermore, the specific gravities of the 
suspensions were not so distinct: 1363.25 kg/m3 versus 
1483.71 kg/m3. The results also reveal that the magnitude 
of Ta exhibited values between 41 and 400, except for a 
shear rate lower than 100 s–1. For this reason, in the exper-
imental conditions investigated, the flow regime was lami-
nar in the presence of Taylor vortices, according to the 
criterion presented by Shi (2016). Regarding Fig. 4, it is 
observed that the magnitude of Ta decreases sharply for 
shear rates lower than 500 s–1, where particle settling may 
occur. Therefore, the values of Ta obtained in this range 
may be inaccurate. Therefore, to prove the possible occur-
rence of flow instabilities and vortices, the conditions de-
fined for the beginning of the vortex formation were 
applied. These results demonstrate the challenge of charac-
terizing the rheology of mineral slurries consisting of 
coarse or “dense” particles in rotational devices. High 
shear rates allow the suspension of particles but favor the 
occurrence of centrifugal force, secondary flows, Taylor 
vortices, and turbulence. Conversely, lower shear rates 
guarantee laminar flows but do not prevent particle sedi-
mentation.

3.2 Tubular rheometry
3.2.1 Flow curves

The results of the pressure gradient as a function of the 
mean flow velocity for iron ore slurries are presented in 
Fig. 5 and show that the pressure gradient decreases as the 
mean flow velocity is reduced.

The characteristic behavior of the curves shown in Fig. 5 
indicates that the particles remained suspended throughout 
the experiment. If there were sedimentation and formation 
of a bed of particles on the lower parts of the tube (bottom), 
there would be an increase in the pressure gradient due to 
the reduction of the sectional area of the tube available for 
fluid flow.

3.2.2 Friction factor, entropy parameter (M) and 
Reynolds number

Fig. 6 presents the values of the friction factor as a  

Table 4 Rheological model of Tscheuschner for iron ore slurries.

Cm/m (%) Tscheuschner model R2

36.8 0.99

 = 0.16+0.27 0.28τ γ γ

� �   
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0.99

43.6 0.99

 = 0.20+0.30 0.31τ γ γ
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[34] 
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Fig. 4 Taylor number as a function of the shear rate (rotational rheom-
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Fig. 5 Pressure gradient as a function of mean flow velocity for iron 
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function of the Reynolds number for the flow of iron ore 
suspensions. The results show that the lowest Reynolds 
numbers for suspensions at 36.8 % and 43.6 % of solids 
were 14,170.2 and 14,780.9, respectively, indicating turbu-
lent flow.

In addition to being a modeling parameter of the velocity 
profile, the entropy parameter (M), like the Reynolds num-
ber, also indicates the degree of turbulence experienced by 
a flow. As such, for laminar regime M = 0 and for turbulent 
regime M > 0 (Chiu et al., 1993; Souza and Moraes, 2017). 
Therefore, the friction factor is also presented as a function 
of the entropy parameter in Fig. 7.

The lowest values of M were 3.58 and 3.62, correspond-
ing to slurries with 36.8 % and 43.6 % of solids, respec-
tively, corroborating the state of turbulence indicated by the 
magnitude of the Reynolds numbers (Fig. 6). A realistic 
rheological characterization of particulate systems requires 
that the particles be homogeneously suspended in the car-
rier fluid. Flows with beds of sedimented particles reveal 
the co-existence of “different fluids” because of the differ-
ent concentrations of solids along the cross-section of the 
tube.

3.2.3 Rheograms
The results of shear stress as a function of shear rate for 

the iron ore slurries are shown in Fig. 8. For the slurry at 
36.8 % solids (mass basis), the lowest and highest shear 
rates were 739.86 s–1 and 2373.24 s–1, respectively. In rela-
tion to the suspension prepared at a solids concentration of 
43.6 %, the lowest and highest rates were 766.05 s–1 and 
2236.68 s–1, respectively. In this way, it is verified that the 
tubular device allows for much higher shear rates than 
those obtained from the laboratory Anton Paar rotational 
rheometer.

The Power Law model was fitted to the rheological 
curves presented in Fig. 8, and the consistency (K) and be-

havior (n) indices are reported in Table 5. The magnitudes 
of (n) revealed that the iron ore slurries behaved as 
shear-thinning fluids in the intervals that included the low-
est shear rates (n < 1.0) and shear-thickening in the inter-
vals that comprised the highest rates (n > 1.0), in the two 
solid concentrations investigated. Shear-thickening behav-
ior is classified as continuous because the viscosity in-
creases smoothly with increasing shear rate and the 
magnitude of n is between 1 and 2 (Brown and Jaeger, 
2014).

Fig. 9 presents the results of the apparent viscosity as a 
function of shear rate, in which a reduction of the apparent 
viscosity is verified in the three lowest rates (shear-thinning 
behavior) and an increase in the others (shear-thickening 
behavior). For particulate suspensions (slurries), both 
shear-thinning and shear-thickening behavior observed at 
low and high shear rates have been reported (Brown and 
Jaeger, 2014; Stickel and Powell, 2005).

Shear-thinning behavior at lower rates may have been 
caused by the stratification of particles arranged in layers 
oriented in the direction of flow (Gürgen et al., 2017). This 
flow condition was identified in the work of Souza Pinto et 
al. (2014), who performed pumping experiments with slur-
ries of hematite, quartz, and apatite in devices with internal 
diameters of 25.4 mm and 50.8 mm. Sampling the flows in 
three sections of the pipe concluded that, for the three  
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Fig. 7 Friction factor as a function of the entropy parameter.
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Fig. 8 Shear stress as a function of the shear rate for iron ore slurries.

Table 5 Fitting parameters of the Power Law rheological model 
(R2 = 0.99) applied to the rheograms obtained from tubular rheometry.

Cm/m (%) Shear rate (s–1) K (Pa·sn) n

43.6 766.05–1038.54 0.065 0.69

43.6 1038.54–2236.68 5.76 × 10–4 1.36

36.8 739.86–1004.65 0.049 0.78

36.8 1004.65–2373.24 7.43 × 10–4 1.32
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minerals studied, more than 60 % of the mass of solids was 
contained in the lower section of the pipes. On the other 
hand, the shear-thickening behavior may be due to the for-
mation of particle agglomerates, called hydro clusters, and 
the hydrodynamic lubrication effects between particles at 
high shear rates (Salunkhe et al., 2018).

Hydroclusters are particle agglomerates that exhibit 
greater resistance to flow. Regarding the formation of hy-
droclusters, Seto et al. (2013) argued that in pipe flow, 
particles are “pushed” along a “compression axis”. This 
effect is intensified when high shear rates are applied, thus 
decreasing the distance between particles. The particles 
agglomerates that may form as they approach will offer 
greater resistance to flow. In addition to the lubrication ef-
fect, friction between the rough surfaces of the particles 
may occur, which promotes an increase in viscosity (Seto 
et al., 2013).

In addition to the aforementioned effects, turbulence in-
fluences the rheological behavior of suspensions. Fox et al. 
(2006) defined turbulence as a phenomenon that is almost 
always undesirable because it creates greater resistance to 
flow, thus contributing to an increase in the apparent vis-
cosity of the fluid. In this type of flow, random fluctuations 
in velocity are responsible for Reynolds stresses, which are 
associated with the high kinetic energy of the flow 
(Groisman and Steinberg, 2000) and act in the transfer of 
momentum between adjacent layers of fluid (Fox et al., 
2006). Vortices in turbulent flows increase energy dissipa-
tion and the local shear rate in the fluid (Brown and Jaeger, 
2014). Turbulence can also contribute to shear-thickening 
behavior because of the disorderly and chaotic movement 
of fluid elements, which obviously increases the probabil-
ity of contact and friction between particles. Therefore, in 
the present study, the shear-thickening behavior of the sus-
pensions may have been caused by the concomitant action 

of interactions between particles (collision, friction and lu-
brication) and turbulence.

3.3 Tubular rheometry versus rotational 
rheometry

The results of rotational and tubular rheometry for the 
iron ore slurries were presented concomitantly in a single 
curve, called in this study as “universal rheograms”, which 
comprise a very wide range of shear rates. The rheological 
curves corresponding to the slurry at 36.8 % solids 
(Figs. 10 and 11) were based on shear rate values between 
50.01 s–1 and 2,373.24 s–1. For the slurry bearing 43.6 % 
solids, the shear rate values ranged from 50.01 s–1 to 
2,236.68 s–1, as shown in Figs. 12 and 13.

Satisfactory adjustment of all results by the Power Law 
model (R2 = 0.995) indicates shear-thickening behavior. In 
all the results presented in Figs. 10, 11, 12, and 13, there is 
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Fig. 9 Apparent viscosity as a function of the shear rate for iron ore 
slurries.
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a divergence between the rotational and tubular rheometry 
data within a narrow range of shear rates: from 750 s–1 to 
1000 s–1.

The characteristics of the flow curves shown in Fig. 5 do 
not indicate sedimentation or the formation of a bed of 
particles in the tube.

However, stratification of particles in the flow may have 
occurred, which may have caused shear-thinning behavior 
for values of 

w

γ�   

 

(22) 

 

 

  

 within the narrow range of 750 s–1 and 
1000 s–1.

4. Conclusions
This work presents and proposes a novel methodology to 

investigate the rheology of iron ore slurries at two solid 
concentrations (36.8 % and 43.6 %) via tubular rheometry 
using the Principle of Maximum Entropy, which provides 
physically consistent mathematical models that meet the 

actual features of flow conditions in pipes, such as: typical 
turbulence levels, high shear rates, and pipe roughness. The 
results of mean flow velocity and pressure gradient ob-
tained from simple pumping loop tests allowed the calcula-
tion of the friction factor, entropy parameter, apparent 
viscosity of the slurries, and Reynolds number by applying 
a previously developed model (Louzada et al., 2021). In 
this way, it was possible to obtain rheograms under shear 
rates closer to industrial reality (γ�   
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 > 1000 s–1). In addition, 
the results obtained from experiments conducted in a labo-
ratory rotational rheometer, under shear rates lower than 
1450 s–1, were complemented by those yielded by tubular 
rheometry at higher shear rates (γ�   
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 ≥ 766 s–1), since both 
sets of points were satisfactorily adjusted by the Power 
Law model in a single curve (R2 = 0.995). The rheogram 
obtained from both complementary techniques was named 
“universal rheogram” and indicated that the iron ore slur-
ries behaved as shear-thickening fluids (n > 1). However, 
within a narrow range of shear rate (750 s–1 < γ�   

 

(21) 

 

 

  

 < 1000 s–1), 
three points (γ�   

 

(21) 

 

 

  

, τ) obtained from tubular rheometry devi-
ated from the “universal rheogram”, showing shear-thinning  
behavior for the slurry flow. Because the stratification of 
particles in the pipes may promote fluid shear-thinning be-
havior, a lack of turbulence in the piping system operating 
at its lowest shear rates (γ�   

 

(21) 

 

 

  

 < 1000 s–1) could explain the 
deviating results. Thus, the range of 750 s–1 < γ�   

 

(21) 

 

 

  

 < 1000 s–1 
is too high to be applied in laboratory rotational rheome-
ters, due to the occurrence of Taylor vortices, and too low 
to create enough turbulence to promote adequate particle 
suspension in pumping loop tubular devices. This is a lim-
itation posed by the novel methodology proposed in this 
paper.
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Nomenclature
PME Principle of Maximum Entropy
CL Correction factor (-)
D Internal diameter of the tube (m)
fE Entropic friction factor (-)
f(u) The probability density function of the velocity
H(u) Entropy of the velocity
K The consistency of Power Law model (Pa·sn)
L Length (m)
M Entropy parameter, defined as the product of the max-

imum flow velocity by the second Lagrange multiplier 
(-)

n′ Correction factor of the Rabinowitsch–Mooney model 
(-)

ΔP Pressure drop (Pa)
r Radial distance (m)
R Inner radius of the tube (m)
Re Radius of the outer cylinder (m)
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Fig. 12 Shear stress as a function of the shear rate, measured by rota-
tional and tubular rheometry.
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Fig. 13 Apparent viscosity as a function of the shear rate, measured by 
rotational and tubular rheometry.
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Rea Apparent Reynolds number (-)
Ri Radius of the inner cylinder (m)
T Torque (N m)
Ta Taylor number (-)
u Velocity (m/s)
ū Mean flow velocity (m/s)
uE(r) Entropic velocity distribution (m/s)
uci Peripheral velocity of the inner cylinder (m/s)
umax Maximum flow velocity at the tube center (m/s)
γ�   

 

[41] 

 

 Entropic shear rate (-)
δ Ratio between the radii of the outer and inner cylinders 

(-)
η Apparent viscosity (Pa·s)
ρ Density (kg m–3)
τ Shear stress (Pa)
τ0 Yield stress (Pa)
τw Wall shear stress (Pa)
ω Angular velocity (s–1)

Data Availability Statement
Rheology and flow data for iron ore slurries (depicted in 

Figs. 2–13) are available publicly in J-STAGE Data   
(https://doi.org/10.50931/data.kona.25532392).
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Antibacterial Properties of Soft Solids (Chitosan and 
Polyacrylic Acid Gel Particles) in Solution and on a Bio-Surface 

(VITRO-SKIN) †

Vasanthakumar Balasubramanian and Brij M. Moudgil *
Center for Particulate and Surfactant Systems (CPaSS), Department of Materials Science and Engineering, University of Florida, USA

Antimicrobial resistance presents a critical challenge to public health, 
driving the exploration of innovative strategies against microbial 
threats. Soft solids, notably polyelectrolyte gel complexes, offer 
promising antimicrobial alternatives with tailored physiochemical 
properties and biocompatibility. Primarily, soft solids incorporating 
chitosan and polyacrylic acid (PAA) complexes have gained importance 
for their antimicrobial efficacy, stemming from electrostatic interactions 
between oppositely charged components. This paper evaluates non-
covalent interactions within chitosan and polyacrylic acid complexes to 
reduce Escherichia coli (E. coli) contaminants. Chitosan, derived from 
chitin, is valued for its biodegradability and low toxicity, and is 
currently used in drug delivery and wound healing systems. Conversely, PAA is an anionic polymer with carboxylic groups, widely used 
in pH-sensitive hydrogel-based drug delivery systems. In the present study, the antimicrobial effectiveness of chitosan and polyacrylic 
acid complexes was examined both in solution and on the bio-surface. Distinct patterns of antimicrobial activity were observed at the 
surface when applied individually and in combination. A synergistic antimicrobial effect of the chitosan and polyacrylic acid complex (gel 
particles), resulted in a remarkable reduction in viable cells both in solution and on the surface. This understanding enhances the potential 
use of soft solids in addressing the challenge of deactivating antimicrobial resistance pathogens.
Keywords: chitosan, polyacrylic acid, gel particles, E. coli, VITRO-SKIN

1. Introduction
Contaminated environmental surfaces function as reser-

voirs for the transmission of many healthcare-associated 
pathogens. All these pathogens have been demonstrated to 
persist in the environment for hours to months and can pose 
a significant hazard due to touch-based transmission 
(Chemaly et al., 2014). The current surface disinfection 
treatments are inefficient for decontamination as some of 
the nosocomial pathogens may survive and give rise to 
substantial problems in terms of public health (Dancer, 
2014). As per the 2023 report from the World Health Orga-
nization, antimicrobial resistance (AMR) poses a major 
threat to global public health and development. In 2019, 
bacterial AMR alone caused 1.27 million deaths worldwide 
(WHO, 2023). Polyelectrolyte complexes have remained 
one of the most exciting subjects of scientific research, in 
recent decades, due to desirable physicochemical and bio-
logical properties (non-toxicity, biocompatibility, softness, 
hydrophilicity, biodegradability) having high drug encap-
sulation efficiency with quick response to stimuli (light, 

pH, temperature, antigens, ionic strength, etc.). These 
complexes found potential applications in pharmacy, the 
food industry, wastewater treatment, pulp, and paper pro-
duction (Meka et al., 2017). Polyelectrolyte complexes are 
formed as ionically crosslinked networks between polye-
lectrolytes with opposite charges in solution without any 
chemical covalent cross-linker. The significant interactions 
between two polyelectrolyte polymers may include revers-
ible electrostatic and dipole-dipole associations and hydro-
gen and hydrophobic bonds (Luo and Wang, 2014). 
Polyelectrolyte complexes consist of a neutralized polye-
lectrolyte core surrounded by excess polyelectrolyte, stabi-
lizing the colloids against aggregation (Dautzenberg and 
Karibyants, 1999).

Chitosan is a derivative product obtained by the 
deacetylation of chitin, which is biodegradable and pos-
sesses low toxicity, and can be used in drug delivery, bioad-
hesion, wound healing, etc. (Singla and Chawla, 2010). 
Polyacrylic acid is an anionic polymer having anionic/
acidic (–COOH) pendant groups on the polymer chains and 
is widely used for biomedical applications, especially for pH- 
sensitive hydrogel-based drug delivery systems (Rizwan et 
al., 2017). This study aimed to investigate (I) the antimicro-
bial efficacy of chitosan and polyacrylic acid separately and 
as a mixture in solution and at a bio-substrate (VITRO- 
SKIN) surface and (II) the effect of the ratio of chitosan and 
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polyacrylic acid within the mixture against Escherichia 
coli (E. coli).

2. Materials and methods
2.1 Materials

Polyacrylic acid (PAA) (purity of 99.0 %, molecular 
weight 450 kDa) was obtained from Polysciences Inc. 
(Warrington, PA, USA). Medium molecular weight chi-
tosan (molecular weight 190–310 kDa) with a degree of 
deacetylation 75 %–85 % was purchased from Sigma- 
Aldrich®. Trypticase soy broth (TSB), trypticase soy agar 
(TSA), ampicillin sodium salt, and neutralizer broth (D/E 
broth) were obtained from Thermo Fisher Scientific Inc. 
Artificial skin substrate (VITRO-SKIN®) was purchased 
from IMS Inc. (Portland, ME, USA).

2.2 Bacterial strain
E. coli (ATCC 25922GFP) was obtained from ATCC. 

The culture was cultured by growing E. coli in trypticase 
soy broth (TSB) supplemented with 100 μg/ml ampicillin 
at 37 °C and harvested in the log phase at an OD600 of 
0.3–0.4 by centrifugation at 3200× g (RCF: relative  
centrifugal force) for 15 min. The cell concentration was 
adjusted to 109 CFU/ml (OD600 0.5) and further diluted 
with sterilized water to obtain a bacterial concentration of 
106 CFU/ml.

2.3 In vitro antimicrobial activity assay
Viability assays and microbial removal from the sub-

strate were conducted as described previously (Nandakumar, 
2018). Viability assay was performed in solution without 
the artificial skin substrate. For this purpose, a bacterial 
suspension of 106 CFU/ml was directly added to the sus-
pensions of the desired polyelectrolytes/polyelectrolyte 
mixtures, vortexed for 30 s at 1500 rpm (37 × g) and neu-
tralized with D/E broth. The cell viability in the suspension 
was determined via the agar plate count method after incu-
bating at 37 °C overnight before counting colony-forming 
units (CFU). Centrifugation speed (1500 rpm (37 × g)) 
chosen for this experiment was verified not to affect con-
centrations of free bacteria in the suspension. Results were 
expressed in terms of the total number of bacteria recov-
ered (CFU) on the logarithmic scale.

Bacterial removal test protocol was as follows: (i) 
spreading the polyelectrolytes over 1 cm2 area of pre- 
hydrated skin substrate and air-drying at room temperature 
for 30 min, (ii) polyelectrolytes coated skin substrate was 
exposed to the bacterial suspension of 106 CFU/ml fol-
lowed by further drying for 20 min, (iii) skin substrates 
were neutralized using D/E broth and vortexed at 3000 rpm 
(150 × g) for 30 s continuously to recover the remaining 
bacteria bound to the substrate. For solution studies, the 
interaction time for the polyelectrolytes and E. coli was 
30 s, and the solution was vortexed at 1500 rpm (37 × g) 

continuously. Enumeration of bacteria using the agar plate 
count method was achieved as described above.

Removal efficacy following treatment was expressed as 
log10 bacterial removal using Eqn. (1):

log10 bacterial removal  
=  log10 (Initial bacterial inoculum on skin)  

– log10 (bacteria remaining on skin) (1)

2.4 Synthesis of chitosan–polyacrylic acid 
polyelectrolyte complexes (soft solid)

The polyelectrolyte complex was prepared as follows: 
chitosan was dissolved in a 1.0 % w/v lactic acid solution 
for 12 h under mechanical stirring in order to form a 1.0 % 
w/v chitosan solution. The polyelectrolyte complexes were 
prepared by free mixing the specific ratios of polyacrylic 
acid and chitosan and the volume was adjusted to 5 mL. 
The polyelectrolyte complex was cast onto a petri dish 
plate, followed by keeping the plates at 60 °C on a hot plate 
overnight. The polyelectrolyte film formed was removed 
and sterilized in UV for 20 min in a laminar bio-hood and 
stored at room temperature for further testing.

2.5 Measurement of swelling behavior
The swelling behavior of the polyelectrolyte complex 

was estimated using mass balance at room temperature. 
The dry polyelectrolyte films were weighed and immersed 
in 25 ml of distilled water in a petri dish at room tempera-
ture. After 24 h, the swollen films were removed from the 
water, wiped off, and weighed. The swelling ratio was cal-
culated using Eqn. (2):

DSW (%) = [(Ws – Wd)/Wd] × 100 (2)

where Ws and Wd denote the weight of the swollen and dry 
samples, respectively.

2.6 Measurement of the hydrophobicity of cell 
surface

The hydrophobicity of the bacterial cell surface was de-
termined by microbial adherence to solvents (MATS) ac-
cording to Bellon-Fontaine et al. (1996). Briefly, 2.4 ml of 
bacterial cells (washed thrice) suspended in 100 mM KNO3 
were vortexed at 1500 rpm (0.3 × g) for 90 s with 0.4 ml of 
chloroform and hexadecane and left undisturbed for 
20 min. The extent of bacterial partitioning and adhesion to 
the solvents enabled comparisons between the electron 
donor properties and the hydrophobic nature of bacterial 
cell surfaces and was quantified using the following 
Eqn. (3):

Hydrophobicity (%) = (1 – A/A0) × 100 (3)

where A0 is the optical density of the aqueous suspension at 
600 nm before mixing and A is the optical density of the 
aqueous suspension after mixing with the solvent pair.
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2.7 Substrate preparation and characterization
VITRO-SKIN® is a commercially available artificial 

skin substrate coated with collagen, gelatin, and silica par-
ticles to mimic the physicochemical properties of natural 
human skin, including pH, topography, and ionic strength. 
As per the manufacturer’s manual, the substrate was pre-
pared by hydrating a 1.0 cm × 1.0 cm patch overnight us-
ing a glycerol: water (15:85) binary mixture in a humidity 
chamber. The zeta potential of the substrate was measured 
using Paar Physica Electro Kinetic Analyzer at 10 mM KCl 
and pH 6.7. In addition, contact angle measurements were 
conducted using the sessile drop method within 60 s of 
deposition and were used to estimate the critical surface 
energy of the artificial skin substrate using the Owens–
Wendt model (Owens and Wendt, 1969).

2.8 Characterization of bacteria
The E. coli strain employed in this study (ATCC 

25922GFP) was characterized by surface energy using a 
light scattering technique described elsewhere (Zhang et 
al., 2015). Briefly, E. coli cells at set concentration were 
suspended in ethanol: water binary mixture of varying sur-
face tensions, and vortexed for 30 s at 1500 rpm (37 × g) 
before leaving them undisturbed for 20 min. The samples 
were then centrifuged at 43 g (RCF) for 45 s and measured 
for optical density at 600 nm. Suspension with the highest 
optical density (OD 600 nm) was determined as closest to 
the surface energy values of the bacterial cell. Zeta poten-
tial measurements of E. coli were conducted using 
Brookhaven ZetaPlus at 10 mM KCl and pH 8.0.

3. Results and discussion
3.1 Characterization of the bacteria and substrate

This study used the MATS assay to investigate the sur-
face hydrophobicity, hydrophilicity, and Lewis acid-base 
properties of the E. coli strain. The chosen bacteria showed 
strong interactions with a weak acidic polar solvent (chlo-
roform: 12.5 ± 2.5 % adhesion) compared with interactions 
with a nonpolar solvent with a similar Lifshitz-van der 
Waals component (hexadecane: 2.8 ± 0.5 %). The low per-
centage of bacteria adhering to a nonpolar solvent such as 
hexadecane indicated that the strain evaluated had low hy-
drophobicity with base-like (electron donor) behavior. The 
quantitatively important existence of chemical groups such 
as –COO– and –HSO3

– on the surface of microorganisms 
could explain their strong electron donor character (Pelletier 
et al., 1997). Comparable results were obtained from the 
measured surface energy values of 47.5 ± 1.5 mJ/m2, 
which are consistent with the findings of Oh et al. (2018) 
(57.2 ± 1.5 mJ/m2). Additionally, a zeta potential of 
–25.33 ± 1.46 mV (pH 4.0, 10 mM KCl) and an IEP at 
pH 2.0 were observed, as reported by Ammam (2012).

VITRO-SKIN substrate was characterized for surface 
energy from contact angle measurements and was esti-

mated to be 40.2 ± 2.3 mJ/m2 using the Owens–Wendt 
model (Nandakumar, 2018). Streaming potential measure-
ments of the artificial skin substrate indicated a zeta poten-
tial of +22.5 ± 0.7 at 10 mM KCl and pH 6.7, in agreement 
with the reported zeta potential of +23 mV for human skin 
at pH 6 (Morykwas et al., 1987).

3.2 Intermolecular interactions in polyelectrolytes 
in solution

The interaction between chitosan and polyacrylic acid at 
pH 4, and thus the subsequent formation of the soft solid in 
water, is schematically illustrated in Fig. 1. At low pH val-
ues, e.g., pH 4 (typically below the pKa of around pH 6.5), 
chitosan carries a net positive charge due to the protonation 
of its amino groups. This positive charge enables chitosan 
to readily interact with negatively charged species in its 
surroundings, such as proteins or anionic polymer mole-
cules. The electrostatic attraction between the positively 
charged chitosan and the oppositely charged species can 
form complexes or aggregates (Yilmaz Atay et al., 2019). 
In contrast, polyacrylic acid (PAA) contains carboxylic 
acid (–COOH) groups, which can undergo ionization and 
form charged species based on the pH of the solution. As 
the pH increases and approaches the pKa value of PAA, 
typically around 4–5, the carboxylic acid groups begin to 
deprotonate.

The polymer is partially ionized at this pH range, with a 
balance between protonated (–COOH) and deprotonated 
(–COO–) carboxylic acid groups. This state allows for in-
teractions with water molecules, leading to increased  

Fig. 1 Formation of soft solid particles.
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hydrophilicity and solubility of PAA resulting in maximum 
swelling behavior and high solubility in water.

At the experimental pH values (pH 4.0 ± 0.2), beyond 
the pKa, PAA is in its deprotonated form, with the carbox-
ylic acid groups carrying a negative charge (–COO–). The 
negatively charged electrostatic repulsion among PAA 
molecules leads to the expansion of the polymer chain and 
an increase in its hydrodynamic volume. In addition, hy-
drogen bonds can form between the hydroxyl and amino 
groups of chitosan and the carboxyl groups of polyacrylic 
acid. These interactions can contribute to the stability of the 
chitosan–polyacrylic acid complex. The coulomb repulsion 
between chain segments, on the one hand, and a non- 
monotonic change in the hydrogen bonding between chain 
segments between the negatively charged segments can 
prevent the polymer chains from collapsing or aggregating, 
maintaining their solubility in water (Katiyar and Jha, 
2017).

The interactions between the charged functional groups 
present in both polymers primarily determine the pH- 
dependent behavior of the soft solids resulting from com-
plexation between chitosan and PAA. It is important to note 
that the specific interactions between chitosan and poly-
acrylic acid at the experimental pH can be influenced by 
experimental conditions, such as polymer concentration, 
mixing ratio, interaction time, and reaction temperature. 
Complexation can occur due to hydrogen bonding and 
ionic interactions between oppositely charged functional 
groups. The resultant complex soft solids can undergo 
changes in structure, swelling, and other properties due to 
the balance between electrostatic attraction and repulsion 
between the partially charged functional groups (De la 
Torre et al., 2003). Chavasit et al. (1988) observed that the 
maximum complex formation between chitosan and poly-
acrylic aid occurred at different mole ratios within 3 to 6 
pH range, due to the degree of ionization of the functional 
groups. At pH 4, the degree of ionization of chitosan and 
polyacrylic acid was approximately 0.95 and 0.2, respec-
tively. The following complex formation mechanism oc-
curs at pH 4:

NH3
+ + HOOC → NH3

+ –OOC + H+

Swelling characteristics of the soft solid can be used to 
assess the antimicrobial efficacy by cell attachment and 
subsequent cell membrane disruption. It is a vital charac-
teristic of the polyelectrolyte complex to determine hydro-
philicity. The water absorption in the polyelectrolyte 
complex is due to interactions between water and hydro-
philic groups, such as hydroxyl groups (OH), and carbox-
ylic groups (–COO–), which produce electrostatic and 
hydrogen-bonding interactions. It thus indicates the suc-
cessful formation of crosslinked networks (Hatakeyama H. 
and Hatakeyama T., 1998). Since the formation of polye-
lectrolyte complex is based on electrostatic interactions, it 

suggests that the greater the number of protonated cationic 
groups, the higher the antimicrobial activity. Chitosan 
forms polyelectrolyte complex with higher swelling ability 
in aqueous media, where the C = O and N–H groups of 
chitosan in the complex could be protonated, consequently 
resulting in a higher net positive charge, thus leading to 
better antibacterial activity (Mohamed and Fahmy, 2012).

The swelling experimental results indicate an increase in 
water uptake after 24 h in the tested polyelectrolyte com-
plexes. An inverse correlation was noticed between the 
water uptake and the degree of polyelectrolyte complex 
formation, as the water uptake changes from 300 % to 
800 %. Under the tested conditions, the polyelectrolyte 
complex containing 100 μg/ml of chitosan has the highest 
water uptake (781 %). It is noteworthy that a comparable 
equilibrium swelling ratio of 850 % was documented at 
pH 5 in a study conducted by Jozaghkar et al. (2022). This 
equilibrium swelling ratio was achieved at a specific ratio 
of chitosan to polyacrylic acid, namely 0.01:1. This finding 
underscores the importance of pH and the ratio of chitosan 
to polyacrylic acid in influencing the swelling behavior of 
the soft solids. This performance may be due to the large 
pore size of the polyelectrolyte complex formed due to the 
imbalance of the concentration of cations and anions pres-
ent in the polyelectrolyte complex (Tsao et al., 2010). As 
the chitosan concentration increases in the polyelectrolyte 
complex, the polymer chains may be connected into higher 
polymer density networks through more ionic crosslinks 
resulting in less water uptake.

Maximum log reduction (one million to one thousand) of 
E. coli cells was accomplished in the presence of a polye-
lectrolyte complex containing >100 μg/ml of chitosan 30 s 
of interaction. Complete degradation of the polyelectrolyte 
complex was observed after (~10 h) when the chitosan 
concentration was less than 100 ug/ml in the complex, 
contributing to 0.5–1.0 log reduction of E. coli cells. This 
response can be attributed to a natural release of polymer 
chains from this hydrated network because of its few ionic 
and high porosity crosslinks, as demonstrated for other 
polymers (Chellat et al., 2000).

3.3 Antimicrobial efficacy of chitosan, polyacrylic 
acid, and their complexes (soft solid) in 
solution

The antimicrobial efficacy of chitosan, polyacrylic acid, 
and their complex (soft solids) at different ratios of polye-
lectrolytes in the solution is shown in Fig. 2. There is no 
significant reduction of E. coli up to 1000 μg/ml of chi-
tosan; however, 1 log and 6 log reduction (complete kill) 
are observed at 1000 and 10,000 μg/ml concentrations of 
chitosan, respectively. Jeon et al. (2014) showed a  
concentration-dependent bactericidal activity of 76 nm 
spherical chitosan against E. coli. Of all concentrations 
examined by them, 2000 μg/ml of chitosan showed the 
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most antimicrobial activity resulting in complete inhibition 
of E. coli during 6 h of incubation. All E. coli were killed in 
120 min in the presence of 5000 ppm of chitosan in solu-
tion from initial 1E+05 (100,000) cells. Liu et al. (2004) 
reported a similar result using a bacterial strain similar to 
the one used in the present study. Under the present test 
conditions, the enhanced antimicrobial activity of chitosan 
is primarily due to the protonation of amino groups in the 
chitosan molecule. The most commonly hypothesized anti-
bacterial effect of chitosan is to interact with the negatively 
charged bacterial cell wall, thereby altering membrane 
permeability. Several studies have shown that chitosan 
molecules in a solution can bind to DNA in the cell nu-
cleus, where they can inhibit mRNA synthesis, thereby 
preventing its replication, leading to the cell death (Ardean 
et al., 2021). Another suggested mechanism is that chitosan 
serves as a chelating agent, binding to essential metal ions 
and thus limiting microbial growth (Yilmaz Atay, 2019). 
Kong et al. (2010) reported that the antimicrobial mecha-
nism of chitosan at acidic pH (pH < 6) can be attributed to 
the electrostatic interactions between a positively charged 
amino group in chitosan and negatively charged bacterial 
surface molecules such as lipopolysaccharides and outer 
membrane proteins, resulting in the alteration of cell mem-
brane permeability. The change in membrane permeability 
leads to the leakage of intracellular substances, eventually 
resulting in cell death.

On the contrary, there is no loss in viability of E. coli 
cells in the presence of polyacrylic acid. Polyacrylic acid is 
a negatively charged polymer, and its interaction with E. 
coli cells is repulsive.

The antimicrobial efficacy of chitosan and polyelectro-
lyte mixtures (soft solids) of varying ratios of chitosan and 
polyacrylic acid in solutions is plotted in Fig. 2. The tested 

polyelectrolyte complexes with the ratio of 1000 μg/ml 
chitosan and 9000 μg/ml polyacrylic acid, resulted in ~ 
5E+03 (5,000) viable cells (out of 1 million initial cell 
count) after the 30 s exposure. According to Hu et al. 
(2002), the soft solid’s zeta potential increases as the chi-
tosan to polyacrylic acid ratio increases. When the content 
of chitosan (aminoglycoside units) exceeds that of poly-
acrylic acid, some of the excess chitosan is adsorbed onto 
the surface of the chitosan–polyacrylic acid complex (soft 
solid), increasing the surface charges of the soft solid and 
resulting in an increase in zeta potential. The antimicrobial 
mechanism of this complex is speculated to be the complex 
acting like a molecular ionic sponge, attracting the anionic 
microbial membrane into the three-dimensional porous 
structure of the polyelectrolyte complex, leading to mem-
brane disruption and microbial death (Tsao et al., 2010).

3.4 Antimicrobial efficacy of chitosan and 
polyacrylic acid mixtures on the VITRO-
SKIN surface

The removal of E. coli from VITRO-SKIN in the pres-
ence of different concentrations of chitosan and polyacrylic 
acid is shown in Fig. 3. The viable E. coli cells are reduced 
on the VITRO-SKIN as a function of the increase in the 
chitosan concentration alone. In contrast, no change was 
observed when exposed to polyacrylic acid alone. From the 
streaming potential studies, the surface charge of the 
VITRO-SKIN is found to be +22 mV due to the presence 
of collagen (Brohem et al., 2011; Li et al., 2009). Due to 
electrostatic repulsion between the amino group of chi-
tosan and the VITRO-SKIN, the functional group may be 
oriented away from the VITRO-SKIN (i.e., exposed to the 
air). Elemental analysis of VITRO-SKIN reveals the  

Fig. 2 Reduction of E. coli cells in the presence of chitosan, poly-
acrylic acid, and soft solids in solution. The raw data are publicly avail-
able at J-STAGE Data (https://doi.org/10.50931/data.kona.25965100).

Fig. 3 Reduction of E. coli cells in the presence of chitosan, poly-
acrylic acid, and the soft solid at the bio-surface. The raw data are pub-
licly available at J-STAGE Data (https://doi.org/10.50931/data.kona. 
25970965).
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presence of 1.7 mg of nitrogen per cm2 (data not shown) 
that originates from the collagen in the VITRO-SKIN. The 
zeta potential measurement indicates that the IEP of colla-
gen is about 9.3, which carries a net positive charge (Li et 
al., 2009).

As described earlier, chitosan includes amino groups that 
are protonated at lower pH levels, such as pH 4, producing 
a positively charged polymer. Electrostatic repulsion be-
tween the amine functional groups in chitosan and collagen 
can occur when it comes into touch with a positively 
charged surface (VITRO-SKIN). On the other hand, chi-
tosan has hydroxyl groups in addition to amino groups. 
These hydroxyl groups can form hydrogen bonds with 
positively charged surface functional groups. These inter-
actions can result in chitosan adsorption on the 
VITRO-SKIN surface, contributing to the overall stability 
of the chitosan–VITRO-SKIN surface complex. It is re-
ported that the functional group –COOH and NH2 in colla-
gen may interact through hydrogen bonds with –OH and 
–NH2 groups from chitosan, as chitosan possesses large 
numbers of –OH groups, and thus alters the collagen triple 
helix structure (Sionkowska et al., 2004). This conforma-
tional change facilitates an adequate interaction of amino 
groups in chitosan with the approaching microbe, thus in-
creasing the permeability of the cell membrane. E. coli cell 
outer membrane acts as a permeability barrier and inhibits 
the transport of macromolecules and hydrophobic com-
pounds entering or leaving bacteria cell membranes. The 
fluorescence intensity studies reported an increase in the E. 
coli cell membrane permeability observed after interaction 
with chitosan in 10 minutes (Tang et al., 2010). This behav-
ior is ascertained from the removal studies that log reduc-
tion of E. coli on the VITRO-SKIN increases proportionally 
to the tested chitosan concentration.

On the contrary, no significant cell removal from 
VITRO-SKIN was observed in the presence of polyacrylic 
acid. Polyacrylic acid is a polyelectrolyte with negatively 
charged carboxylate groups, especially at lower pH values 
where carboxyl groups remain protonated. A positively 
charged VITRO-SKIN surface can attract and facilitate the 
adsorption of PAA through electrostatic interactions and 
hydrogen bonding. The adsorbed PAA layer may create a 
charged or steric barrier that hinders the approach and at-
tachment of E. coli cells to the surface. PAA’s ability to 
absorb water and swell may contribute to the creation of a 
hydrated layer that hampers bacterial adhesion. The elec-
trostatic repulsion between negatively charged PAA and 
the negatively charged bacterial surface may prevent direct 
contact and adhesion. The interactions between collagen 
and polyacrylic acid result in the formation of polyelectro-
lyte complex through electrostatic interactions involving 
the NH3

+ group of the collagen in the VITRO-SKIN and 
the –COO– groups of polyacrylic acid (Barbani et al., 
1999). Besides, due to their similar surface charges, elec-

trostatic repulsion is anticipated between polyacrylic acid 
and the approaching E. coli cells. Also, collagen has no 
antimicrobial activity, hence no reduction in cell number on 
the VITRO-SKIN is observed in the presence of poly-
acrylic acid.

The complete reduction of E. coli cells (total kill) is ob-
served in the presence of a polyelectrolyte mixture (500 μg/ml  
of chitosan and 9500 μg/ml of polyacrylic acid). In the 
polyelectrolyte complex, swelling and porosity of the mix-
ture are governed by the percentage of the ionic compo-
nents in the complex. The pKa values for polyacrylic acid 
and chitosan have been reported to be 4.0 and 6.5 at pH 4, 
with ionization levels of 0.2 and 0.95, respectively (Choi 
and Rubner, 2005). In the present experimental conditions 
(pH 4.0), more carboxyl groups than amino groups are un-
dissociated. As the chitosan concentration increases from 
1 μg/ml to 500 μg/ml, a more stable porous structure in the 
mixture is anticipated. Under the tested conditions, the 
available dissociated carboxyl groups in polyacrylic acid 
interact via non-covalent forces with the groups present in 
the chitosan. Our research findings suggest that in order to 
achieve the antimicrobial effect of the soft solids, it is nec-
essary to have direct contact with bacterial suspension. It is 
worth noting that the reduction in pH alone cannot account 
for this effect (Gratzl et al., 2015).

3.5 Antimicrobial mechanism of soft solid on a 
positively charged bio-surface

When the chitosan–PAA complex interacts with a posi-
tively charged bio-surface (VITRO-SKIN), the interactions 
are influenced by the charge distribution on the complex 
and the bio-surface, as shown in Fig. 4.

The electrostatic repulsion between the positive charges 
of chitosan and the positive charges on the bio-surface can 
facilitate the repulsion of chitosan molecules away from 
the bio-surface. The positively charged chitosan molecules 
in the soft solid align and orient themselves away from the 
VITRO-SKIN and towards the negatively charged bacte-
rial cells, promoting electrostatic interactions and  
adhesion. However, the carboxylic acid groups in PAA can 
undergo ionization on the positively charged bio-surface, 
leading to the formation of negatively charged carboxylate 
groups (–COO–) on PAA. The negatively charged carbox-
ylate groups can lead to electrostatic interactions with the 
positively charged bio-surface, enabling the adhesion of 
the complex on the surface. The adsorbed chitosan layer 
can physically encapsulate the E. coli cells due to its 
three-dimensional structure, leading to physical entrap-
ment and hindered mobility of E. coli cells. Chitosan con-
tains hydrophobic groups (such as acetyl groups in the case 
of partially deacetylated chitosan) along with its positively 
charged amino groups. Furthermore, the hydrophobic re-
gions of chitosan can interact with hydrophobic regions on 
the bacterial cell surface, including lipids and other  
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hydrophobic molecules present in the cell membrane. Chi-
tosan’s hydroxyl and amino groups can also form hydrogen 
bonds with various functional groups on the bacterial cell 
surface, such as hydroxyl, carbonyl, and amine groups. The 
combination of electrostatic interactions, hydrophobic in-
teractions, and hydrogen bonding creates a multifaceted 
interaction between chitosan and bacterial cells. Chitosan’s 
interaction with the E. coli cell membrane could potentially 
lead to leakage of intracellular components. A previous 
study has confirmed the leakage of proteins and other intra-
cellular constituents caused by chitosan (Kong et al., 
2008). In Gram-negative bacteria, high negative charges 
given by lipopolysaccharide (LPS) can be neutralized by 
positive charges from chitosan, resulting in disruption of 
the bacterial outer membrane, enabling chitosan to pene-
trate the cell membrane resulting in cell death (Feng et al., 
2021). The 20-minute interaction time allows for prolonged 
exposure of the bacteria to the antimicrobial properties of 
the hydrogel. Additionally, an acidic environment due to 
the carboxylic acid groups in PAA can hinder bacterial 
growth and reproduction, further inhibiting the viability of 
E. coli. Topuzoğullari (2020) observed that positively 
charged poly electrolyte complexes, generated at greater 
[quaternized 4-vinylpyridine]/[PAA] ratios, resulted in 
higher antibacterial activity of these compounds is depen-
dent on these free quaternized 4-vinylpyridine groups. The 
free quaternized 4VP groups that do not interact with PAA 
due to insufficient acrylic acid groups and the polyelectro-
lyte complex characteristics become similar to free polyca-
tion, which causes a similar antibacterial activity. In the 
present study, a similar trend was observed as more proton-
ated chitosan was observed over PAA due to the higher 
degree of ionization of chitosan over PAA at pH 4.0.

3.6 Antimicrobial mechanism of soft solid in 
water

In water, the chitosan–PAA complex can exhibit antimi-
crobial properties against gram-negative bacteria, as shown 
schematically in Fig. 5. The electrostatic attraction be-
tween the positively charged chitosan and the negatively 
charged bacteria promotes the adsorption of the complex 
onto the bacterial cell membrane. This interaction can dis-
rupt the integrity of the cell membrane, leading to leakage 
of cellular contents and eventually bacterial death.

Additionally, the carboxylic acid groups (–COOH) in 
PAA can release hydrogen ions (H+) in the solution, leading 
to a decrease in the pH locally around the complex. The 
acidic environment generated by the release of H+ ions can 
further disrupt the bacterial cell membrane, destabilizing 
the bacterial cells and inhibiting their growth. Both the soft 
solid and the bacteria are in constant motion in water due to 
induced shear force. The diffusion of the complex and the 
bacteria increases the chances of their encounter and subse-
quent collision. The number of chitosan–PAA complex 
molecules available in the solution also influences the in-
teraction with E. coli. The greater the number of complex 
molecules, the higher the probability of interactions occur-
ring with bacterial cells. The chitosan content in the gel is 
critical to its antibacterial efficacy against gram-positive 
and gram-negative bacteria in the solution. The creation of 
hydrogen and covalent connections among the functional 
groups of the chitosan chains is enhanced as the concentra-
tion increases, minimizing dispersion, and causing the 
structure to acquire a densely overlapping coiled confor-
mation. The extensive intra- and intermolecular bonding at 
higher molecular densities is related to the random-coil 
structure of chitosan in solution, which is often recognized 

Fig. 4 Interaction of soft solids with E. coli at VITRO-SKIN.

https://doi.org/10.14356/kona.2025012


Vasanthakumar Balasubramanian et al. / KONA Powder and Particle Journal No. 42 (2025) 251–260 Original Research Paper

258

in the literature. This, in turn, places geographical con-
straints on functional groups. As a result, fewer charged 
sites are accessible for interaction, limiting binding to bac-
terial cell walls (Goy et al., 2016). The soft solid allows for 
a larger surface area available for contact with bacteria, 
increasing the likelihood of collision between the soft solid 
complex and E. coli cells. Increased availability of com-
plex molecules enhances the chance of multiple binding 
events and can lead to stronger adhesion and antimicrobial 
effects.

4. Summary and conclusions
This present study showed the antimicrobial efficacy of 

soft solid containing chitosan and polyacrylic acid emerges 
as an additional methodology for combating microbial 
challenges, both in solution and at bio substrate surfaces. In 
solution, the remarkable efficacy of chitosan at a concentra-
tion of 10,000 μg/ml in achieving a 6-log reduction (com-
plete eradication) of microbial populations highlights its 
unparalleled potential as a potent antimicrobial agent. This 
level of microbial reduction surpasses that of many com-
mercial antimicrobial agents, which typically achieve a 
99.9 % (3 log) reduction in microbial populations. Simulta-
neously, the introduction of polyacrylic acid reveals its in-
herent compatibility, as it exhibits no detrimental effect on 
E. coli viability. The strategic blending of chitosan and 
polyacrylic acid at a ratio of 1000 μg/ml and 9000 μg/ml, 
respectively, provides a balanced compromise, resulting in 
a controlled reduction to approximately 5E+03 (5,000) vi-
able cells—a noteworthy accomplishment from an initial 
population of one million. On the surface, a decrease in 
viable E. coli cells with increasing chitosan concentration 
on the VITRO-SKIN indicates that chitosan alone has an 
antibacterial action.

Conversely, the unaltered state in the presence of poly-
acrylic acid underscores its selective approach. However, 
the true marvel lies in the combination of chitosan and 

polyacrylic acid, as demonstrated by the total reduction of 
E. coli cells in the presence of a polyelectrolyte mixture 
containing 500 μg/ml of chitosan and 9500 μg/ml of poly-
acrylic acid. The interplay of intramolecular forces be-
tween chitosan and polyacrylic acid, encompassing 
electrostatic attractions, hydrogen bonding, and potentially 
hydrophobic interactions, appears to result in their syner-
gistic efficacy. This study underlines the synergistic poten-
tial of these soft solids and emphasizes the importance of 
careful formulation to achieve the best antibacterial results. 
By exploiting the precise interplay of intramolecular forces 
within soft solids, it is possible to engineer advanced 
wound dressings, implant coatings, and biomedical textiles 
that inherently possess antimicrobial properties. These 
materials could prevent the initial adhesion of pathogens, 
minimize infection risk, and mitigate the formation of viru-
lent biofilms, which are critical challenges in modern 
healthcare settings.
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Compression of an Assembly of Bi-Dispersed Particles †
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A compression model that elucidates the compressibility of a granular 
soil assembly is useful for engineering and mechanical applications. 
While the literature offers numerous compressibility models for 
granular soils, a significant limitation arises because these models 
overlook the impact of soil composition. Typically, soils consist of a 
blend of sand and silt as a result of geological processes. Moreover, 
empirical observations indicate a substantial influence of silt content on 
the compressional behavior of bi-dispersed granular soils. This study 
introduces an approach grounded in a more rigorous theoretical 
foundation for predicting the compression of bi-dispersed packings. 
The analytical method is based on Edwards thermodynamics, which is 
a realm of physics. Within this framework, the analytical method 
incorporates the excess free volume resulting from the dispersity of the bi-dispersed particle packing. An evaluation was conducted to 
validate the model’s applicability by comparing the predictions with the experimental results for Hokksund sand-silt mixtures.
Keywords: compression, powder, particle, thermodynamics, bi-dispersed packing

1. Introduction
The soil compressibility is a vital engineering property 

that critically influences optimizing design protocols and 
comprehensive assessments. A compression model that 
elucidates the relationship between stress and void ratio is 
very useful for analyzing soil foundations or earth struc-
tures (Lehane and Fahey, 2002) and is also an essential 
component of critical state soil mechanics.

Numerous compressibility models for granular soils 
have been proposed (Chong and Santamarina, 2016; 
Hardin, 1987; Meidani et al., 2017; Pestana and Whittle, 
1995; Schofield and Wroth, 1968; Vesić and Clough, 1968). 
These models typically use empirical methodologies that 
incorporate initial density, soil type, and applied stress. 
However, a notable drawback exists in these models, as 
they neglect the impact of soil composition. This oversight 
is significant because natural soils or man-made fills typi-
cally comprise a combination of sand and silt due to geo-
logical processes such as erosion, breakage, and weathering. 
Furthermore, it has been observed that the fractional con-
tent of silt (fines content fc) has a substantial influence on 
the compressional behavior of granular soils in experi-
ments (Carrera et al., 2011; Konishi et al., 2007; Lipiński et 

al., 2017; Lupogo, 2009; Xu et al., 2009; Yang et al., 2006; 
Zuo and Baudet, 2020) and in discrete element simulations 
(Minh et al., 2014; Wiącek et al., 2017). Thus, a compre-
hensive understanding of the effects of fines content is es-
sential for engineers when assessing the deformation 
characteristics of granular soils. It is highly desirable to 
have a model that explicitly accounts for the effect of fines 
content on compressibility.

The current literature offers only a limited number of 
approaches for examining how the fines content influences 
the compressional behavior of sand-silt mixtures. 
Thevanayagam et al. (2002) introduced the concept of the 
intergranular void ratio for a sand silt mixture, while 
Cabalar and Hasan (2013) and Monkul and Ozden (2007) 
empirically correlated the intergranular void ratio with 
compressibility. Chang et al. (2017) proposed a compres-
sion model for sand-silt mixtures, in which a parameter is 
empirically determined as a function of fines content.

In this study, we propose an approach with a more rigor-
ous theoretical foundation for predicting the compression 
of a sand-silt mixture. The analytical method was based on 
Edwards thermodynamics for granular materials. Within 
this framework, we hypothesized that the presence of ex-
cess free-volume potential in bi-dispersed particle packing 
(Chang, 2022a) is similar to the excess free energy ob-
served in chemical solutions containing two species of 
molecules. Using this concept, we modeled the compress-
ibility of binary mixtures of granular soil with varying fines 
content, considering the potential of excess free volume to 
cause additional volume reduction during compression.
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In the subsequent sections, we first briefly describe the 
concept of excess free volume and define a granular poten-
tial related to the volume change in a bi-dispersed packing. 
Then, the compression model framework was formulated 
considering the granular potential of a bi-dispersed pack-
ing. To validate our proposed model, we compared the 
predicted outcomes with the experimental results for 
Hokksund sand-silt mixtures. The effect of the fines content 
on the compressibility is discussed, and the applicability of 
the model is highlighted.

2. Modeling concept
The decrease in volume due to packing compression 

typically involves two main aspects: (1) the elastic defor-
mation of solid particles, and (2) the reduction of void 
volume resulting from particle rearrangement, which is 
treated as plastic deformation in an elastic-plasticity frame-
work. As the magnitude of elastic deformation is typically 
minimal, this investigation disregards it, and compressibil-
ity is only considered due to the rearrangement of particles 
under stress. This rearrangement reduces the number of 
voids among particles, thereby decreasing the void ratio.

Here, we focus solely on bi-dispersed packings. The 
void ratio is assumed to be influenced by two main vari-
ables: e(p, y2), where y2 is the solid fraction of fine particles 
(note: the solid fraction of coarse particles y1 = 1 – y2 in a 
bi-dispersed mixture).

2.1 Compression of bi-dispersed packing
For a mono-dispersed packing assembly comprising N 

particles, the total assembly volume V is given by V = vo N. 
Here, vo is termed particle volume, representing the aver-
age volume of a solid particle and its surrounding void 
space. The magnitude of vo is dependent on the density and 
the applied pressure of the packing.

In the case of bi-dispersed packing, the total granular 
system volume V = v1N1 + v2N2. Here, N1 and N2 are num-
ber of particles in species 1 and 2, respectively; v1 and v2 
are the partial particle volumes associated with species 1 
and 2, respectively.

We note that under the same applied pressure and rela-
tive density, the particle volume 0

i
v   

 

[21] 

 

 

  

 in a mono-dispersed 
packing differs from the partial particle volume vi in a 
bi-dispersed packing. The change in volume from 0

i
v   

 

[21] 

 

 

  

 to vi 
arises from particle interactions due to the mixing of two 
species.

This phenomenon resembles the change in mole energy 
observed in mixed chemical solutions, which results from 
the interaction between two species of molecules. Analo-
gous to free energy in thermodynamics, we consider the 
concept of “free volume,” representing the available void 
volume in a packing that can be changed during particle 
rearrangement.

Thus, we adopt an approach akin to the “Gibbs excess 

free energy” concept in classic thermodynamics (Silbey et 
al., 2004). In this context, we define the excess free volume 
∆vi of each species as

0

Δ
i i i
v v v    

 

(1) 

 

 

  

 (1)

In conventional usage, “excess free energy” typically 
denotes the additional energy available for performing 
work resulting from chemical reactions among multiple 
species (Silbey et al., 2004). However, in this case, the ex-
cess free volume ∆vi represents the extra volume available 
for reduction due to the size difference between the two 
particle species.

From Eqn. (1), we observe that the difference between 
the monoparticle volume and partial particle volume (i.e., 
0

i i
v v   

 

[22] 

 

 

  

) signifies the volume reduction potential of each 
species. In a mixture of two species, the excess free volume 
of both species is diminished, resulting in a reduction in the 
overall volume of the packing mixture.

2.2 Excess free volume
To quantify the excess free volume in each species, we 

determined the partial particle volumes v1 and v2. For a 
bi-dispersed packing, the total granular system volume V is 
an extensive variable and is homogeneous of degree 1 
(Silbey et al., 2004); thus, according to Euler’s homoge-
neous function theorem, the total volume of a mixture is 
given by

 
1 2 1 2 1 1 2 2

1 2

,

V V

V N N N N v N v N

N N

 

   

 

  

 

(2) 

 

 

  

 (2)

This relationship is critical because it reveals how the 
partial particle volumes are related to the partial derivative 
with respect to the number of particles in each species, 
providing a central understanding for estimating their val-
ues.

Using a statistical mechanics approach, we represent the 
global packing configuration as a set of microstates. Each 
microstate is a local configuration of a single particle and 
its nearest neighbors. Using this model, we analyze the 
values of partial particle volumes v1 and v2.

Eqn. (2) provides a method for measuring the partial 
particle volume of a species. The partial particle volume v1 
can be defined as ∂V/∂N1, where the change in assembly 
volume dV is caused by adding a small number (dN1) of 
large particles to the mixture while keeping the total num-
ber N2 of small particles constant. The partial particle vol-
ume v2 can be determined similarly.

To consider the local configuration, we deliberately 
considered a single particle added to the mixture at a ran-
dom location. By repeating the process M times, we obtain 
M different local configurations for the added particle and 
its neighboring particles. Then, this statistical mechanics 
approach can be employed to obtain the value of ∂V/∂N1 
from this set of local configurations.
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However, directly determining v1 and v2 through statisti-
cal mechanics is challenging due to the lack of detailed 
knowledge about the complete packing structure, which 
makes it impractical to generate all possible microstates of 
the system. Nevertheless, this concept can help us estimate 
the possible ranges of v1 and v2 by analyzing the following 
extreme scenarios of microstates.

(1) Inserting a large particle:
a) If the surrounding particles are all large, as shown in 

Fig. 1(a), the added particle displaces them, increasing the 
packing volume. This scenario is akin to a uniformly sized 
packing; thus, the volume change ∆V is comparable to the 
baseline particle volume 0

1
v   

 

[48] 

. Thus, 0

1 1
v v   

 

[23] 

 

 

  

 and the excess 
free volume is zero.

b) Conversely, if the surrounding particles are all small 
(Fig. 1(b), the void volume around the added large particle 
varies with the sizes of the neighboring particles. When the 
large particle is surrounded by tiny particles, the void vol-
ume is minimized. In this case, ∆V is similar to the volume 
of the solid particle g

1
v   

 

[24] 

 

 

  

, hence g

1 1
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[25] 

 

 

  

, and the excess free 
volume is  

g
0

1 1
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[26] 

 

 

  

.
Considering both extreme scenarios, the possible range 

of excess free volume for the large-particle species was 
determined to range from 0 to  

g
0

1 1
v v   

 

[26] 

 

 

  

.

(2) Inserting a small particle:
a) When all surrounding particles are small, as shown in 

Fig. 1(c), the local configuration resembles uniform pack-
ing. The volume change ∆V due to inserting the small par-
ticle is similar to the baseline particle volume 0

2
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[27] 

 

 

  

, thus 
0

2 2
v v   

 

[28] 

 

 

  

, and the excess free volume is zero.
b) Conversely, if the surrounding particles are all large, 

as shown in Fig. 1(d), and the inserted particle is signifi-
cantly smaller than the available void space, it remains 

mobile despite the surrounding particles being jammed 
(mechanically stable). This particle is called a rattler parti-
cle. In this scenario, the change in system volume ∆V is 
negligible, so v2 = 0, and the excess free volume is 0

2
v   

 

[27] 

 

 

  

.
Considering both extreme scenarios, the possible excess 

free volume for the small-particle species was determined 
to range from 0 to 0

2
v   

 

[27] 

 

 

  

.

2.3 Determination of granular potential
For convenience, we express the excess free volume as a 

dimensionless variable. The granular potential μi of the ith 
species was defined as excess free volume per unit solid 
volume, i.e., g

Δ /
i i i

μ v v   
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.
In this context, all volumes are replaced by specific vol-

umes. Eqn. (1) becomes 0

υ υ
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, where 0
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 is the spe-
cific volume of the ith mono-dispersed packing, and μi is 
the granular potential. And Eqn. (2) can be written as
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Here, y1 and y2 are the solid fractions of the large and 
small particles, respectively.

By using Eqn. (3) and 0

i i i
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, it can be expressed as
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Note that, Eqn. (4) delineates the free volume into two 
components: the first term represents the volume average 
of the two components, representing the volume without 
particle interactions between the two species, and the sec-
ond term represents the volume reduction due to the release 
of granular potential from the interaction between the two 
species. The second term is also defined as the Gibbs vol-
ume potential given by

1 1 2 2
G μ y μ y    
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 (5)

Based on the previous analysis, the range of the granular 
potential μ1 extends from 0 to 0

1
( 1)υ    

 

[33] 

 

 

  

, while the range of μ2 
spans from 0 to 0

2
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[42] 

 

 

  

. This can be expressed as follows:
0 0

1 1 2 21 2
( 1);μ α υ μ α υ     
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Here both 0 < α1 < 1 and 0 < α2 < 1. The specific values of 
α1 and α2 are dependent on the nature of the interactions 
between species, which are influenced by the overall struc-
ture and composition of the assembly.

To determine the values of α1 and α2, we assume vari-
ables α1 and α2 are functions of the characteristic length λ 
introduced for the bi-dispersed packing, falling within the 
range d1 ≥ λ ≥ d2. The variable λ is an internal variable 
whose value depends on the overall structure and composi-
tion of the assembly.

As elucidated by Chang (2022a), in the context of parti-
cle filling and embedment mechanisms, the expressions of 
granular potential for the two species are given as follows:

(a) (b)

(c) (d)

Fig. 1 Four extreme scenarios: (a) a large particle surrounded by large 
particles, (b) a large particle surrounded by small particles, (c) a small 
particle surrounded by small particles, and (d) a small particle sur-
rounded by large particles.
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It is important to note that, in Eqn. (4), when the second 
term (granular potential) is zero, for the example of the size 
ratio between the two species equaling 1 (i.e., λ = d1 = d2, 
see Eqn. (7)), the specific volume versus fines content fc 
forms a line identical to the line 0 0

1 21 2
υ y υ y   
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 shown in 
Fig. 2, which represents the upper bound for the granular 
mixture with zero interactions between species.

Conversely, when the size ratio approaches infinity 
(d2 ≪ d1), the predicted relationship is illustrated in Fig. 2 
by two lines AB and BC, which respectively represent the 
lower bounds of the granular mixture. For the range AB, 
λ = d1 ≫ d2, Eqn. (7) shows that 0
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equation of AB is 0 0 0
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. For the range BC, 
λ = d2 ≪ d1, Eqn. (7) shows that 0
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The equation of BC is given by 0 0 0

1 2 21 2 1
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.
The curve with symbols in Fig. 2 represents measured 

specific volumes for the Hokksund sand-silt mixture. At 
fc = 20 %, the granular potential G calculated from Eqn. (5) 
is the distance from the upper bound line to the measured 
curve. In general, considering the overall structure and 
composition of the assembly, the granular potential of a 
packing lies between the upper bound and the lower bound, 
as calculated from Eqn. (7) using the values of λ and η. The 
exponents η is a material constant that depends on the 
shape and surface friction of particles and can be calibrated 
from the measured volume of one specimen with a particu-
lar fines content fc (Chang, 2022a,b).

The characteristic length λ can be determined by the 
second law of thermodynamics. In the case of Edwards 
thermodynamic theory, the second law of thermodynamics 
stipulates that the Gibbs volume potential must be mini-
mized for a closed system to reach equilibrium at constant 
compactivity (Chang, 2022b). Since the parameters 0

1
e   
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, di, 
yi, η are constant, the following condition holds.
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The two terms in this equation can be regarded as the 
volume transfers between the two species, and their zero- 
sum ensures the condition of steady-state volume at equi-
librium. This characteristic allows us to determine the 
value of λ, thus to calculate the granular potentials μi for 
each species. Consequently, this principle provides a 
straightforward method for predicting the specific volume 
of a mixture based on the specific volumes of its individual 
components.

This theory’s validity has been confirmed by verifying 
the maximum and minimum void ratios through ASTM 
compacted procedures for soil mixtures of various types 
(Chang, 2022b).

To illustrate the prediction process, an example of a 
Hooksund sand-silt mixture is used, where the silt volume 
fraction y2 = 0.2. The sand particles were 0.45 mm in size, 
while the silt particles were 0.032 mm. At a pressure of 
10 kPa, the specific volume for sand is 0

i
υ   

 

[41] 

 

 

  

 = 1.873, and for 
silt, it’s 0

2
υ   

 

[42] 

 

 

  

 = 2.36.
We initially assumed a trial value of η = 3.6. The Gibbs 

volume potential G of the packing (see Eqns. (5) and (7)) 
was calculated for the range 0.45 ≥ λ ≥ 0.032 as shown in 
Fig. 3. The minimum of G corresponds to λ = 0.2637. At 
this value of λ, μ1y1 = 0.029 for sand particles and 
μ2y2 = 0.296 for silt particles. The volume reduction poten-
tial was G = 0.325.

The specific volume of the mixture can then be obtained 
in Eqn. (4). With 0 0

1 21 2

1.9704υ y υ y    

 

[43] 

 

 

  

 and G = 0.325, the 
calculated specific volume for the bi-dispersed packing at 
fines content fc = 0.2 is 1.6504 (i.e., 1.9704 − 0.325).

If the predicted value does not match the measured 
value, the value of η can be calibrated. Once the correct 
value of η is determined, it can be used to predict specific 
volumes for any other fines content. The calculated curve is 
plotted as a solid line in Fig. 2 and compared with the 
measured results represented by symbols.
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3. Experimental data
To verify the proposed model for soil mixtures under 

static load compression, we selected experiments on the 
sand-silt mixtures reported by Yang et al. (2006). These 
experiments involve various particle size combinations. 
For the mixtures, the mean sizes (d50) of the sand and silt 
particles were 0.45 mm and 0.032 mm, respectively, result-
ing in a particle size ratio of 14. The soil mixtures were 
composed of Hokksund sand and nonplastic Chenbei silt. 
Samples were prepared with fines contents ranging from 
5 % to 94 %. All samples were prepared using moisture 
tamping to achieve a relative density (Dr) of 20 %. This 
ensured that the observed difference in compressibility of 
the samples was due to the fines content of the soil mixture 
and not the relative density.

During compression testing, samples were subjected to 
isotropic loading up to 200 kPa. At this stress level, no evi-
dence of particle crushing was observed in the compression 
experiments, ensuring that the fines content remained con-
stant throughout each test.

4. Results
To understand how static compression affects bi- 

dispersed packing, we modify Eqn. (4) to accommodate 
pressure-dependent functions for both 0

i
υ   

 

[41] 

 

 

  

 and μi. The mod-
ified equation is expressed as follows:

    

2 2

0 0

1 1

 ,  
i i i i c i

i i

υ υ p y μ υ p f y

 

  
  

 

(9) 

 

 

  

 (9)

In this equation,  
0
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 represents the individual com-
pression behavior of the two components of the mixture. 
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 represents the volume reduction due to the 
impact of the granular potential resulting from the bi- 
dispersity of the assembly.

In Eqn. (9), the granular potential μi is a function of 
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 dependent on applied stress p. Once  
0

i
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 is known, 
the evolution of granular potential μi can be obtained from 
Eqns. (7) and (8) following the previously described pro-
cess.

The expression of  
0

i
υ p  

 

[44] 

 

 

  

 can be obtained from the indi-
vidual compression curves of the sand and silt using any 
phenomenologically based analytical model.

4.1 Compression of monodispersed packing
In Fig. 4, the two compression curves of sand and silt, 

which are the components of the Hokksund sand-silt mix-
ture, are displayed as symbols. The sand and silt particle 
assemblies were compacted to the same relative density 
(Dr = 20 %). We adopted the compression model proposed 
by Meidani et al. (2017) to obtain the expressions for the 
two compression curves.

In this model, the total volume of voids is conceptually 
divided into two fractions: (1) active void volume, which is 
subject to reduction and eventual elimination through par-

ticle rearrangement, and (2) inactive void volume within 
interlocked particles, which cannot be further reduced by 
particle rearrangement.

Meidani et al. (2017) observed that the variation of (dυ/
dp) versus υ exhibits linear relationship for several types of 
sand and silt. The linear relationship can be expressed as 
follows:
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The parameter υr represents the inactive part of the spe-
cific volume. Let a dimensionless parameter a = αpa, and 
the integral of this equation becomes
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Here υ0 is the initial specific volume, p is the applied 
pressure, and pa is the atmospheric pressure (101.325 kPa). 
The model relies on two parameters a and υr, with υr being 
the inactive specific volume of the packing and a is a mate-
rial constant.

In Fig. 4, Eqn. (11) is used to model the compression 
curves of the sand and silt. For the sand compression curve, 
the parameters υ0 = 1.873, υr = 1.48, and a = 0.0611 are 
employed, while for the silt compression curve, the param-
eters υ0 = 2.360, υr = 1.55, and a = 0.0611 are used. The 
modeled curves are represented by solid lines, and the 
measured results are plotted as symbols.

4.2 Compression of bi-dispersed packing
In Fig. 5, the measured compression data for Hokksund 

sand-silt mixtures with fines contents ranging from 5 % to 
94 % (fc = 5, 15, 20, 50, 70, and 94 %) are presented as 
symbols. The influence of the fines content on the  
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sand and silt of the Hokksund sand-silt mixture. Adapted with permis-
sion from Ref.(Yang et al., 2006). Copyright: (2006) ASTM Interna-
tional.
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compression curves can be observed from two perspec-
tives: the initial specific volumes and the shape of the 
compression curves.

At an initial confining pressure of 10 kPa, significant 
variations were observed in the initial specific volumes for 
bi-dispersed specimens with different fines contents.

The trend shows that the initial specific volume de-
creases as the fines content increases up to 20 %, which is 
caused by the filling of voids between sand particles by silt 
particles. At a 20 % fines content, the voids between sand 
particles were nearly filled. Consequently, further increases 
in fines content beyond 20 % caused the additional silt 
particles to separate and lose contact, reversing the volume 
decrease trend and leading to an increase in volume.

These initial specific volumes for all fines contents are 
shown in Fig. 5, which were previously predicted and 
plotted in Fig. 2. The parameter η = 3.6 was calibrated 
from the data point at p = 10 kPa and fc = 0.2.

The shape of the compression curve can be computed 
using Eqn. (9). The analytical expressions of the compres-
sion curves of sand (  
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) and silt   
0
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 serve as input 
information for predicting the compression curves of sand-
silt mixtures. With these two functions, the granular poten-
tial μi can be obtained from Eqns. (7) and (8). The required 
parameters for predicting the compression curves are sum-
marized as follows:

• To simulate  
0

i
υ p  

 

[44] 

 

 

  

 for sand: υr = 1.48, a = 0.0611.
• To simulate  

0

2

υ p  
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%%%%%%%%%%%%%%%%%%%% 

  

 for silt: υr = 1.55, a = 0.0611.
• To calculate granular potential μi: η = 3.6.
The methods for determining υr and a are described in 

Section 4.1, and the method for determining η is described 
in Section 2.3.

In Fig. 5, the two solid lines represent the predicted 
compression curves of the sand and silt (replotted from 

Fig. 4). The predicted curves for mixtures with different 
fines content are depicted by dashed lines and are com-
pared with the measured data points represented by sym-
bols. The fines content for each compression curve is 
indicated on the left or right side of the curve. Initially, the 
compressibility of the mixture decreases with increasing 
fines content. However, after reaching 20 % fines content, 
the trend reversed, and the compressibility increased with 
further increasing fines content.

5. Conclusion
The fines content significantly influences the compress-

ibility of bi-dispersed packing. To address this influence, 
we developed an analytical model grounded in a physics- 
based methodology for predicting the compression of such 
mixtures. The proposed model effectively explains the sig-
nificant variation in the initial specific volume of speci-
mens after compression. Furthermore, it accurately captures 
the compressibility patterns under various compression 
loads in soil mixtures with diverse fines contents. Conse-
quently, the notion of granular potential stemming from 
bi-dispersity emerges as a credible framework for model-
ing the assembly of bi-dispersed particles. It is worth not-
ing that this model is applicable only to mixtures of dry 
particles with particle sizes greater than 2 μm. The effects 
of hydration, capillary, and cohesive forces exhibit in wet 
particles are not considered.
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Nomenclature
di particle size (mm)
d50 the mean particle size (mm)
Dr relative density (-)
e void ratio (-)
0

i
e  

 

<51> 

 

 

  

 void ratio of mono-dispersed species (-)
fc fines content (solid fraction of small particles)
G Gibbs volume potential (-)
Ni number of particles in the ith species (-)
p applied pressure (Pa)
vi partial particle volume of the ith species (mm3)
0

i
v  

 

<52> 

 

 

  

 particle volume of the the ith species (mm3)
g

i
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<53> 

 

 

  

 volume of a solid particle of the ith species (mm3)
∆vi the excess free volume of the ith species (mm3)
V total assembly volume (mm3)
Vs solid volume (mm3)
yi solid volume fraction of the ith species (-)
λ characteristic length (mm)
μi granular potential of the ith species (-)
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υ specific volume (-)
υ0 initial specific volume (-)
υi partial specific volume of the ith species (-)
0

i
υ

<54>

specific volume of the ith species (-)
υr inactive specific volume (-)
η material constant (-)
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Decoding Attractive Interactions in Granular Materials 
through Vibration-Induced Densification †

Maria-Graciela Cares-Pacheco * and Véronique Falk
Reactions and Chemical Engineering Laboratory (LRGP-CNRS), Université de Lorraine, France

Within the intricate world of granular materials, the behavior of 
grain assemblies presents complexities characterized by 
nonlinear and inelastic phenomena, which seamlessly link the 
microscopic grain scale to the macroscopic bulk scale. A key 
challenge in understanding the mechanics of granular materials 
lies in establishing connections between these microscopic grain 
properties and their macroscopic flow behavior. This study 
delves into vibration-induced densification, a phenomenon 
relevant across various technological domains in powder 
processing and manufacturing. Specifically, we explore the 
vibrational conditions that induce compaction and decompaction 
under vertical vibration, employing a particle damper across 
industrial powders, including glass beads, joint filler, wheat flour, and pharmaceutical excipients. The experiments involve controlling the 
vibration wave by adjusting parameters such as frequency and amplitude while measuring and recording the acceleration and force 
signals. Our findings reveal a significant correlation between the force required to decompact the powder bed and the attractive forces 
between grains. This correlation facilitates the determination of a dimensionless granular number Ad, offering insights into the contact 
force network at a macroscopic level and its relation to flow indices. By proposing this experimental approach, we provide a 
straightforward method to unveil the intricate relationship between local particle interactions and the overarching mechanical behavior of 
granular materials, contributing to advancements in understanding and predicting powder flow behavior.
Keywords: densification, compaction, vibration, adhesion, force network

1. Introduction
Throughout history, granular materials such as sand, 

wheat, and wood have played fundamental roles in human 
civilization. From ancient times to this day, these materials 
have been integral to various aspects of daily life and in-
dustrial processes. Since the advent of the industrial revo-
lution in the eighteenth century, engineers have grappled 
with the intricate challenges posed by the handling and 
processing of grains, many of which revolve around 
flow-related issues (Bérut et al., 2019; Carson et al., 2019; 
Ghadiri et al., 2020). Poor flow properties can trigger a 
cascade of complications, from segregation and feeder 
blockages to the formation of ratholes, necessitating man-
ual interventions such as hammering and scraping to silos 
collapsing during storage (Carson et al., 2019; Schulze, 
2021).

The behavior of granular assemblies is inherently com-
plex, marked by nonlinear, inelastic effects and highly dis-
sipative interactions that occur across scales—from 
microscopic grain interactions to macroscopic flow dy-

namics (Andreotti et al., 2011; Herrmann et al., 1998;  
Jaeger et al., 1996). This intricate interplay between local 
particle interactions and global mechanical behavior high-
lights the necessity for comprehensive, multi-scale re-
search to fully understand granular materials.

The macroscopic mechanical properties of granular ma-
terials are intricately linked to the microscale, specifically 
the particle scale. Unlike elastic solids, which support ex-
ternal forces under loading, granular materials transmit 
these forces through a percolating network of particles, 
forming chain-like structures that act as preferential path-
ways for force transmission (Majmudar and Behringer, 
2005; Radjai et al., 2010). The distribution of forces within 
granular materials is broad and highly heterogeneous. Ex-
tensive experimental and numerical research has been 
conducted to investigate the evolution, properties, and sta-
tistical behavior of these force distributions within highly 
idealized granular assemblies (Kollmer and Daniels, 2019; 
Papadopoulos et al., 2018; Wu and Wang, 2022). Although 
force transmission in idealized granular materials presents 
relatively straightforward dynamics, the force transmission 
encountered in industrial processing is far more complex. 
Irregular particle shapes and adhesive interactions compli-
cate the establishment of a direct correspondence between 
macroscopic and microscopic features, as commonly ob-
served in non-cohesive, circular-shaped granular  
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assemblies (Gilabert et al., 2007; Marteau and Andrade, 
2021; Saint-Cyr et al., 2013).

This work aims to address some of these issues by exper-
imentally extracting force network information. The chal-
lenge lies in describing an infinite number of packing 
configurations that seem to statistically retain consistent 
macroscopic properties. Given this challenge, dynamic 
densification experiments emerge as a promising approach. 
The compaction of fine granular materials is a common 
unit operation across various industries, including pharma-
ceuticals, cosmetics, metallurgy, agro-food, nuclear, and 
automotive. It is employed to create products such as ag-
glomerates, capsules, tablets, pellets, and battery elec-
trodes, all of which are designed with specific compositions, 
porosities, shapes, and strengths. Additionally, compaction 
can occur as a result of discrete taps or vibrations during 
transportation or handling. These actions can significantly 
alter the volume and may lead to the segregation of granu-
lar materials. The resulting contact network and force 
transmission are essential aspects that evolve throughout 
the compaction process.

When a powder is shaken, the grains reorganize them-
selves into a denser structure. Several empirical or heuristic 
models have described the dynamics of compaction under 
gentle tapping, mainly using glass beads (Knight et al., 
1995; Ribière et al., 2005, 2007; Suaza-Montalvo et al., 
2023a). The density, or packing fraction, plots depend on 
the amplitude of the taps and the geometry and are usually 
described as logarithmically slow. However, the densifica-
tion of complex (or heterogeneous) granular materials, 
such as powders, often fails to describe many phenomena 
encountered during vibration. Whether particles reorganize 
during densification depends on the energy or force sup-
plied to the powder—the confinement strategy—and is 
therefore device-related (Saker et al., 2019). The force-
wave signal transmitted to the powder bed significantly af-
fects force transmission and densification dynamics 
(Suaza-Montalvo et al., 2023a).

For instance, in uniaxial compression devices, a step-
like force signal is applied to the powder (Fig. 1A). At low 
compression forces, where little to no particle deformation 

occurs, densification takes place through particle rear-
rangement as particles roll into void spaces (Cares-Pacheco 
et al., 2021). In vibration-induced densification, such as in 
tapping devices like the Densitap, the shock wave gener-
ated by rotating a snail cam (Fig. 1B) facilitates particle 
separation and lift-off, creating new pathways for rear-
rangement (Cares-Pacheco et al., 2021). When utilizing 
particle dampers (Fig. 1C), the transmitted signal to the 
powder (frequency, amplitude, and period) can be precisely 
controlled. This control allows for varying porosity levels 
to be achieved through particle rolling or lift-off, with the 
latter exhibiting different fluidization regimes (Suaza- 
Montalvo et al., 2023a). At a fixed frequency, increasing 
the acceleration is akin to increasing the superficial gas 
velocity in fluidized beds, leading to different flow regimes 
ranging from bubbling to slugging to turbulent.

By employing an experimental methodology centered 
around vibration-induced densification across a spectrum 
of industrial powders, we aim to explore the mechanics 
governing force transmission, particle interactions, and 
densification dynamics. Specifically, our methodology fo-
cuses on tracking the evolution of the packing fraction until 
the powder bed undergoes decompaction or fluidization. 
This investigation examines the effects of signal frequency 
and amplitude, powder-column height, and air humidity 
conditioning.

Our study marks a significant step forward in our ongo-
ing efforts to gain deeper insights into the complexities in-
herent in granular materials. Of particular interest is the 
extraction of a dimensionless parameter representing force 
chains and its correlation with flow indicators.

2. Materials and methods
2.1 Powders

In this study, six powders were selected to represent a 
wide range of industries and physical characteristics, based 
on their industrial applications. Two pharmaceutical excip-
ients were chosen: RetaLac®, a binder produced by Meggle 
for direct compression and dry granulation of modified re-
lease formulations, and Avicel® PH-102, a microcrystalline 
cellulose from FMC Biopolymer®. Avicel® PH-102 is 
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Uniaxial compression; B) Tapping; and C) Particle damper.
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widely used across various industries as a texturizer, anti- 
caking agent, fat substitute, emulsifier, extender, and bulk-
ing agent in food production. To investigate the effects of 
highly uniform water-inert materials, two types of glass 
beads (GB) were selected. Glass beads are often used as 
“model materials” in granular physics due to their spheri-
cal, smooth, and hard particle properties. The first type, 
GB-A, is monodisperse, while GB 3000E from Potters® 
Industries LLC (Spheriglass® 135 3000-E), a polydisperse 
material, is specifically used in highway safety marking. 
Both types of glass beads were carefully washed prior to 
use. From the food industry, artisan-made T45 wheat flour 
from the Poinsignon flour mill in France was selected. Fi-
nally, joint filler from MAPEI®, used for grouting tiles and 
finishing walls, was chosen to represent the construction 
industry.

The behaviors of these powders in relation to water is 
presented in Fig. 2. The sorption isotherms indicated that 
the wheat flour (B) absorbed the most water, followed by 
Avicel PH102 (A) and RetaLac (E). Joint filler (C) exhib-
ited minimal water absorption, while both types of glass 
beads, 3000E and GB-A (D), remained chemically inert to 
water. All powders were conditioned and stored at room 
temperature in sealed containers, with relative humidity 
maintained at approximately 20 % (using lithium chloride 
- LiCl) and 60 % (using sodium chloride - NaCl) through 
saturated salt/water solutions. The samples were allowed to 
equilibrate until they either matched the environmental 
conditions or exhibited stable behavior over a week, as 
confirmed by daily measurements of water activity (aw) 
using an Aqualab 4TE from METER.

Details on the microstructural attributes of the powders 
are illustrated in Fig. 3, and their physical properties are 

summarized in Table 1. These properties include the char-
acteristic diameters of the particle size distribution, pycno-
metric density (ρp), fluidization classifications according to 
Geldart (Geldart, 1973), and minimum fluidization veloci-
ties (vmf) calculated using Grace’s correlations (Grace, 
1986). These correlations, which compile extensive exper-
imental data, provide valuable insights into fluidization 
behavior. Geldart’s correlation, introduced approximately 
50 years ago, describes fluidization behavior based on the 
density difference and particle size (using d3,2 here). 
Grace’s correlation further elucidates the fluidization re-
gime by considering the superficial gas velocity, air in this 
case, and the mean particle diameter (d50).
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The particle size distribution was determined by laser 
diffraction (PSD-LD) in a liquid medium (ethanol) using a 
Mastersizer 3000 (Malvern Instruments). Morphological 
characterization was performed using scanning electron 
microscopy (SEM) with a Gemini 3 from Zeiss, equipped 
with a field-emission gun operating at 2 kV. The PSD-LD 
results indicate that RetaLac, Avicel PH102, and wheat 
flour consist of larger particles, while joint filler and glass 
beads exhibit a similar PSD with smaller particle sizes. The 
SEM micrographs in Fig. 3 reveal the morphology of the 
samples. With the exception of GB-A, most samples dis-
play heterogeneity in size, shape, and surface roughness. 
Avicel PH102 particles have an isometric rod shape with a 
rough surface. RetaLac appears to be composed of agglom-
erates of amorphous-like particles. Wheat flour consists of 
irregularly shaped gluten and starch, with starch partially 
covering the gluten particles in a globule-like structure. 
The joint filler exhibits an uneven shape with flat surfaces, 
while GB-3000E is mostly spherical, though with some 
surface irregularities.

According to Geldart’s classification, RetaLac is catego-
rized as a Class B powder, characterized by smooth and 
homogeneous fluidization with minimal bubbling. Wheat 
flour falls between cohesive (Class C) and aeratable (Class 
A) powders. Joint filler is classified as a cohesive powder 
(Class C). Avicel PH102 and glass beads are both classified 
as Class A powders, which are associated with more pro-
nounced bubbling during fluidization. Notably, GB 3000E 
exhibits greater cohesiveness compared to GB-A.

2.2 Experimental setup
To investigate the conditions that facilitate the compac-

tion and decompaction of the powder bed, harmonic sig-
nals were generated with variations in amplitude and 
frequency. The experimental setup includes an electromag-
netic shaker (BK vibration exciter 4809) connected to a 
cylindrical borosilicate glass vessel (26 mm in diameter 
and 240 mm in height), as shown in Fig. 4. The container 
weighs 72 g. The excitation system comprises a custom- 
made signal generator and a power amplifier (B&K 2718). 

Acceleration is measured using a DeltaTron® accelerome-
ter (B&K 4508B) attached to the bottom of the vessel 
(Fig. 4). Force measurements are conducted using a force 
transducer (B&K 8230) mounted at the base of the con-
tainer. Both excitation and data acquisition are controlled 
via LabVIEW. The height of the powder bed is captured via 
a high-speed camera (MotionBLITZ EoSens® mini 2), and 
the images are subsequently analyzed to determine the 
powder bed height, enabling the assessment of compact-
ness dynamics and the Hausner ratio HR(t) under various 
experimental conditions.

The compactness of the granular system can be quanti-
fied using various metrics, including the packing fraction ϕ, 
porosity 1 – ϕ, and the void ratio e = 1/ϕ – 1. While ϕ is 
more commonly used in granular physics (Suaza-Montalvo 
et al., 2023a), e is more commonly used in soil mechanics 
(Sonzogni et al., 2024). In dynamic systems, ϕ relates the 
volume of the particles Vp to the volume of the pile V(t) at 
a given time, quantifying the available space for particle 

Table 1 Physical properties of samples.

Powder
Particle size distribution [μm]

ρp
a [kg m–3] Geldart type

vmf 
[10–3 m s–1]

d10 d50 d90 d4,3 d3,2

Avicel PH-102 35 111 225 122  69 1550 A  3.10

Wheat flour 17  83 177  91  25 1460 C-A  0.38

Joint filler  2  18  72  29   6 2810 C  0.04

GB 3000E  4  24  60  29   8 2660 A  0.07

GB-A 24  34  49  36  33 2490 A  1.14

RetaLac 47 191 415 222 132 1420 B 10.4
a Envelope density of the particles (equal to the pycnometric density for non-porous particles).
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reorganization within the bulk:
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where ρp is the envelope density of the particles (equal to 
the pycnometric density for non-porous particles) and mp is 
the powder mass.

HR, based on the pioneering work of Hausner (1967), is 
a measure commonly used in powder technology to assess 
flowability (Saker et al., 2019), though it mathematically 
reflects the compactness of the powder. It is defined as the 
ratio of the initial (loose) volume Vi to the tapped volume 
V(t):
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Higher HR values indicate poorer flowability and greater 
cohesion among particles, which often correlates with in-
creased compactness.

The densification dynamics are influenced by two pri-
mary factors: system geometry and vibration. System ge-
ometry encompasses variables such as grain size, vessel 
dimensions, and powder bed height. Vibration is governed 
by two dimensionless parameters: the relative acceleration, 
Γ, compares the imposed acceleration, a, to gravity, g:

  aΓ
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and the relative frequency, Ω, compares the period, 2π/ω, 
to the time it takes for a grain to fall under gravity over a 
distance equal to its size, d:
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The continuous densification methodology involves pour-
ing the powder into a container using a funnel. Densifica-
tion is then initiated by gradually increasing the acceleration 
of the imposed motion in steps at a fixed frequency. Each 
acceleration level is maintained until the powder bed stabi-
lizes for at least 5 minutes. This stabilized state is consid-
ered quasi-static and is referred to as “stable compactness,” 
denoted as ϕs,i(Γi). An entire experiment involves studying 
the relationship ϕs,i = f(Γi), until the powder bed undergoes 
decompaction. Since this is a continuous process, only the 
first acceleration step begins with the powder in an aerated 
state. Force and acceleration signals are depicted using 
peak-to-peak values of smoothed signals. The total error 
associated with each experimental data point was deter-
mined as described in previous works, accounting for both 
experimental and instrumental errors (Suaza-Montalvo et 
al., 2023a).

3. Results and discussions
The results section is structured as follows. We begin by 

demonstrating the high sensitivity of the force and acceler-
ation signals to the dynamic behavior of the powders. Next, 
we delve into the densification dynamics. Finally, we 
aimed to characterize the force contact network at the me-
soscale by drawing insights from the macroscopic results 
obtained through vibration-induced densification tests per-
formed on different powders. It is important to note that our 
discussion of the results does not primarily focus on pro-
viding a detailed description or physical characterization of 
the powders used in this study. Instead, our powder selec-
tion effectively illustrates key phenomena and highlights 
significant findings. This approach was chosen to enhance 
the clarity and address the broad scope of the study.

In all figures where applicable, the results are presented 
in the following order: A: Avicel PH102, B: Wheat Flour, 
C: Joint Filler, D: Glass Beads (either 3000E or A type), 
and E: RetaLac.

3.1 Force and acceleration signals
In this study, dynamic densification experiments involv-

ing ϕs with Γ are conducted, during which all grains move 
in phase with the container, resembling macroscopically 
rigid inertial bodies. Nonetheless, a notable observation is 
that both force and acceleration signals are highly sensitive 
to particle movements. For example, during the initial sec-
onds of excitation, depending on Γ, both force and acceler-
ation signals can exhibit significant fluctuations (Fig. 5A), 
coinciding with the onset of fluidization phenomena (see 
Suaza-Montalvo et al., 2023b, Videos 06, 07, 08, and 09 in 
the DOREL repository for details). The fluidization of par-
ticles in these early moments of vibration can be attributed 
to the release of trapped air within the powder bed as it 
densifies (Figs. 5B, C). A key determinant of fluidization is 
the air velocity within the bed, vair, which describes the rate 
of volume reduction over time:
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The determination and analysis of the average air velocity 
showed that when vair surpasses the minimum fluidization 
velocity of particles, the bulk undergoes fluidization, as 
evidenced by the observations (Fig. 5C). As the vair de-
creases, signaling reduced air availability, the densification 
of the bulk continues, resembling behavior more akin to 
solids on a macroscopic scale, and both the force and accel-
eration signals become stable. This phenomenon, consis-
tent across various powders and vibration conditions, 
exemplifies the sensitivity of the force and acceleration 
signals in describing the dynamic response of the powder 
bed.

The differences in the signals can be attributed to the 
mass experienced by the system. As fluidization phenom-
ena increase, the duration of particle flight between colli-
sions with the container also increases. This trend continues 
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until the air velocity decreases. Consequently, during fluid-
ization, the average contribution of the grain mass felt by 
the container decreases. This mass is generally referred to 
as the dynamic mass of the granular sample, representing 
the portion of the grain mass that is effectively perceived by 
the container (Masmoudi et al., 2016; Meyer and Seifried, 
2023).

The sensitivity of force and acceleration signals to pack-
ing density states and grain characteristics suggests that 
these signals can serve as structural descriptors, which may 
be more relevant to rheology than purely geometrical de-
scriptors such as radial pair distributions.

3.2 Packing dynamics
Dynamic densification tests were conducted to investi-

gate how vibration affects both force transmission and 
particle-scale interactions, focusing on macroscopic mea-
surements. It is interesting to note that when decompaction 
conditions (Γd and Fd) are applied to an aerated powder, the 
powder may initially compact slightly, displaying either 
liquid-like, gas-like, or combined behaviors. It then reaches 
a convective state, after which it can decompact. This con-
vective state can be sustained through several perturbations 
until suddenly the movement of the grains leads to the rein-
troduction of air into the bed, facilitating the decompaction 
process (see Suaza-Montalvo et al., 2023b, Video 16 in the 
DOREL repository for details).

The subsequent subsections present results from a series 
of experiments exploring the impact of frequency, sample 
conditioning (free-water), the shape of the force signal, and 
powder height.

3.2.1 The effect of relative frequency Ω on packing 
dynamics

The evolution of packing fraction ϕs with respect to Γ 

and Ω for Avicel PH102 and wheat flour is depicted in 
Fig. 6. The compaction dynamics vary depending on the 
powder type but follow a similar trend. At a constant Ω, an 
increase in Γ leads to an initial rise in the packing fraction 
until it reaches its maximum compaction state. Subse-
quently, further increases in vibration amplitude result in 
the decompaction of the powder bed, as illustrated by the 
star data points in Fig. 6. Decompaction may occur either 
gradually, with a convection-like motion inducing the aspi-
ration of air into the powder bed, or abruptly, creating a 
powder cloud that impedes volume measurement. Specifi-
cally, lower frequency signals, as observed in samples such 
as RetaLac, wheat flour, and sericite, resulted in an explo-
sive decompaction of the bed at lower acceleration levels 
compared to the 100 Hz driven signal.

Two general observations emerge from these experi-
ments. Firstly, for low-cohesive samples such as GB A 
(Fig. 6D) and RetaLac (Fig. 6E), the densification dynam-
ics are independent of the vibration frequency, as typically 
reported in the literature for glass bead-based studies 
(Ribière et al., 2007; Suaza-Montalvo et al., 2023a). Sec-
ondly, an increase in Ω induces powder bed decompaction 
at higher Γ values. Two possible explanations can be drawn 
from this last statement.

First, the kinetic vibration energy Ev for a harmonically 
driven system can be expressed as
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From this equation, it can be inferred that increasing Γ re-
sults in an increase in the kinetic vibration energy supplied 
to the powder bed. Conversely, increasing Ω reduces the 
kinetic vibration energy. Additionally, this phenomenon is 
closely related to energy dissipation. Notably, even under 
steady-state conditions, the dissipated energy can vary 

2

B) C)

1

3

A)
10 s

30 60 90 120 150 180 210 240 270 300

(
)

(m
 s

-2
)

30 60 90 120 150 180 210 240 270 300

6

4

2

0

-2

-4

(
)

(N
)

30

20

10

0

-10

-20

-30 0 100 200 300 400 500 600 700 800
0

1

2

3

4

5

6

7

8

9 10-3

 = 8.7

 = 6.4

 = 4.1

mf

ai
r

(m
 s

-1
)

1

2

10 s 3

T
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from one period to another due to the complex nonlineari-
ties in granular damping. This complexity is further ampli-
fied in cohesive powders, which exhibit cluster-like 
behaviors, making the analysis more demanding. There-
fore, considering a more general expression to average be-
haviors can be prudent for analysis. Several expressions 
have been proposed to determine the maximum achievable 
energy dissipated in vibrated granular materials such as 
glass beads (Marhadi and Kinra, 2005; Masmoudi et al., 
2016; Sack et al., 2013; Terzioglu et al., 2023), differing by 
scaling terms. In the solid-like state, observed just before 
decompaction, the particles do not lift off the container 
bottom (Suaza-Montalvo et al., 2023b, Video 04). Conse-
quently, very little relative motion occurs between the par-
ticles. Recently, Meyer and Seifried (2023) described the 
energy dissipated per cycle during solid-like behavior, de-
noted as dissE  

 

[21] 

 

 

  

, as approximately 0.1 % of the particles’ ki-
netic energy. The formula is given by
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Eqn. (7) does not account for cohesion, which is typically 
observed in powders. However, calculating dissE  
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 at each 
decompaction point shows that higher dissipation energies 
are obtained for samples decompacting at larger Γ values. 
This indicates that as the vibrational amplitude increases, 
more energy is dissipated within the system, potentially 
influencing the overall behavior and stability of the powder 
bed.

3.2.2 The effect of conditioning (air-humidity) on 
packing dynamics

In this section, the influence of air humidity on ϕs con-
cerning Γ was investigated by conditioning the samples at 
20 % and 60 % RH. It’s noteworthy that each powder pos-
sesses unique adsorption/absorption kinetics (Fig. 2) and 
reaches equilibrium at different rates. Consequently, after 
one week of conditioning, samples may exhibit varying 
water activities (aw)—free or non-chemically bound  
water—despite following the same conditioning protocol. 
For instance, powders such as Avicel PH102 and RetaLac 
quickly reach equilibrium, with their aw values aligning 
well with the relative humidity of the conditioning environ-
ment. However, other samples, such as Joint Filler, require 
longer conditioning periods.

The evolution of the packing fraction, ϕs, with respect to 
Γ and RH for all samples is shown in Fig. 7. The figure il-
lustrates how conditioning at higher relative humidity can 
impact compaction dynamics, potentially increasing or de-
creasing the energy required to decompact the bed depend-
ing on the nature of the powder. Interestingly, the 
compaction dynamics appear to be independent of, or 
non-linearly related to, the powder’s behavior towards wa-
ter. For instance, low-adsorption samples such as GB 
3000E (Fig. 7D) and Joint filler (Fig. 7C) show no statisti-
cal differences in compaction dynamics with increasing 
RH. A similar trend was observed for water-absorbing 
samples like wheat flour (Fig. 7B). Notably, air humidity 
does not affect the decompaction of GB 3000E.
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The effect of RH on fine glass beads has been previously 
studied by Landi et al. (2011), who demonstrated that cohe-
sion increases with air humidity. However, they concluded 
that only a small portion of the total condensed water on a 
single sphere forms capillary bridges. Furthermore, the 
strength of the interaction is weak because glass beads are 
chemically inert to water. This might explain why no 
changes in decompaction are observed for GB 3000E when 
exposed to different RH. Indeed, the aw values obtained for 
glass beads are more reflective of environmental condi-
tions. Therefore, GB 3000E exhibits statistically similar 
dynamics and serves as a good example of the excellent 
repeatability of the experiments.

For Avicel PH 102 and RetaLac, increased air humidity 
can either decrease or increase the packing fraction, respec-
tively. Both powders are hydrophilic and absorb water at 
low moisture content (Fig. 2), with Avicel PH-102 being 
more hydrophilic and having smaller particles than 
RetaLac. These results highlight the challenges in drawing 
general conclusions based on physical properties such as 
particle size distribution, shape, and behavior towards wa-
ter. A common trend observed among the samples is that, at 
a fixed frequency, lower packing fractions correspond to 
larger Γd (Fig. 7). This indicates that less compacted sam-
ples require more energy for decompaction. This phenom-
enon can be attributed to force transmission through the 
powder bed. Assuming that the contact network, or force 
network, formed by chain-like structures serves as prefer-
ential pathways for force transmission, it must be closely 

related to the geometric arrangement of the particles. The 
average number of contacts per particle, Z, is expected to 
be smaller for loosely packed fractions compared to more 
compacted ones. A smaller Z implies that fewer paths are 
available for force propagation, which ultimately influ-
ences the distribution of forces and promotes energy dissi-
pation. Additionally, the strength of the contact can be 
influenced by the formation of liquid bridges.

In summary, individual particle properties alone cannot 
be linearly or easily related to packing dynamics, making 
straightforward conclusions challenging. However, the 
combination of these properties—such as size, shape, 
chemical nature of the surface, and condition—plays a 
significant role in mesoscale phenomena. From a meso-
scale perspective, the overall behavior is influenced by the 
joint effects of multiple particle properties. For instance, 
size and shape affect the coordination number Z, which in 
turn influences packing dynamics. Therefore, the interplay 
between these properties at the mesoscale is crucial for 
understanding packing and compaction behavior. These 
experimental findings suggest that the dynamic parameters 
governing powder bed decompaction offer insights into 
mesoscale behavior, describing the contact force network 
from a macroscopic perspective.

3.2.3 The effect of force wave shape on packing 
dynamics

To better understand the influence of force wave shape 
on densification dynamics, damping experiments are  
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compared with uniaxial compaction experiments con-
ducted under zero shear conditions. This experimental ap-
proach is based on the forces exerted on the system. Due to 
differences between devices, such as vessel geometry and 
powder content—fixed at 10 mL for FT4, while the powder 
mass is constant at 30 g for PD—the comparison is con-
ducted using the specific energy Em, determined from the 
force signal applied to the powder bed as follows:

m

p

 ΔF z

E

m

  

 

(8) 

 

 

  

 (8)

where Δz is the change in bed height.
For the compaction experiments with the FT4 compres-

sion cell, F is the force applied to the bed by the vented 
piston (Fig. 1A), as thoroughly described in a previous 
work (Cares-Pacheco et al., 2021). In summary, the piston 
compresses the sample in increments of force from 2 to 
40 N at a rate of 0.4 N/s. For each increment, the piston 
maintains the force for 60 seconds to reach a steady state, 
after which the volume change with respect to the applied 
load is measured.

From Fig. 8, it can be observed that uniaxial compres-
sion and vibration-induced densification (step-like dynam-
ics) methods exhibit similarities for cohesive powders. For 
easily flowing powders such as Avicel PH102 (Fig. 8A), 
particles tend to separate, move, and perform free parabolic 
flights during damping experiments, potentially leading to 
higher probabilities of reorganization. This capacity allows 
them to form denser organizational structures through vi-
bration, as the restrictions imposed by the piston are re-
duced under similar energy provided to the system (see 
Suaza-Montalvo et al., 2023b, Videos 06 and 07 in the 
DOREL repository for details). Conversely, for more cohe-
sive powders like wheat flour (Fig. 8B; see Suaza- 
Montalvo et al., 2023b, Video 08) and joint filler (Fig. 8C), 
particle separation into individual entities is more challeng-
ing. Compaction in these cases appears to occur through 
the movement of agglomerates, resulting in cluster-like 
behavior and reduced particle rearrangement. Zhao et al. 
(2021) explored the influence of vibration on wheat flour, 
highlighting that densification primarily involves smaller 
particles occupying interparticle voids, resulting in a 
denser bulk material with reduced permeability. Such be-
havior is also expected in uniaxial compression tests at low 
stress and may explain the similarities in the dynamics of 
densification observed between the two methods.

The significant difference between the FT4 and PD pack-
ing fractions for joint filler at 30 % RH may stem from its 
lower elastic modulus (Table 2), potentially influencing 
particle deformation.

3.2.4 The effect of volume fraction on packing 
dynamics

The effect of bed height on compactness is illustrated in 

Fig. 9. Experiments were carried out at three vessel filling 
fractions. The first filling fraction corresponded to a vol-
ume of 15 mL, resulting in a column height of 2.9 cm; the 
second to 50 mL, approximately half of the container, re-
sulting in a height of 9.6 cm; and the third to the maximum 
filling of the measurable volume, which was 100 mL, re-
sulting in a column height of 19.2 cm.

Several general observations arise from these experi-
ments, as shown in Fig. 9. Firstly, ϕs increases with powder 
height, indicating that higher fillings lead to higher com-
pactness. Secondly, low-volume fillings tend to have prob-
lems achieving high compaction levels. Notably, wheat 
flour shows intriguing behavior, as it does not exhibit clear 
densification at low or medium filling volumes (Fig. 9B). 
Similarly, glass beads 3000E do not densify at low vol-
umes; instead, they maintain a convective, fluid-like be-
havior within the bulk while maintaining a relatively 
constant bulk height (Fig. 9D). This behavior is consis-
tently observed with glass beads and can be visually ob-
served at a macroscopic level, especially with larger 
particles, as depicted in Fig. 10, where some GB A parti-
cles were colored to follow their path.

As shown in Eqn. (7), common trends closely relate the 
dissipated energy to the number of grains, as the loss factor 
monotonically increases with the mass of the powder 
(Masmoudi et al., 2016). This aligns with our findings, 
which demonstrate the challenges in compacting powder at 
low volumes.

The relationship between the force required to decom-
pact the powder bed and the powder volume is surprisingly 
non-monotonic (Fig. 9). Medium-volume powder columns 
consistently decompact at lower Γ values, indicating that 
the force does not follow a simple, consistent trend with 
increasing or decreasing volume. Instead, the required 
force exhibits complex and fluctuating behavior as the 
volume changes, suggesting that other factors or interac-
tions are influencing the decompaction force in a non-linear 
manner. While dissipation initially appears to be a major 
contributing factor, it does not fully explain why medium 
volumes decompact at lower accelerations.

When the powder bed is mechanically excited, compres-
sion waves or shear waves propagate from the point of ex-
citation. As the grains interact with this external field 
through scattering and absorption, the field can also exert 
forces on them. This elastic longitudinal wave moves 
through the material at a velocity, c, that can be determined 
as
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where Eel is the Young’s modulus, ν is the Poisson’s ratio 
and ρ the density of the material, here represented by the 
pycnometric density, ρp.

The elastic modulus of the powders has been determined 
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in previous works using the apparent mass vibration 
method, as described in Cares-Pacheco et al. (2024). This 
methodology evaluates the elastic properties of the pow-
ders under aerated conditions, and under these conditions, 
ν is neglected. As a result, the velocity c of the elastic lon-
gitudinal wave is simplified to el p/c E ρ  

 

[22] 

 

 

  

. The wave-

length λ of the wave propagating through the powder can 
be determined using the relationship λ = c/f, where f is the 
driven frequency.

The results are presented in Table 2. It is important to 
note that Eqn. (9) assumes the material is isotropic and 
homogeneous, meaning its properties are consistent in all 
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directions. This assumption may not hold true for all mate-
rials, and deviations from isotropy or homogeneity could 

affect the accuracy of the calculated wave velocity and 
wavelength. However, this approach still provides a rea-
sonable approximation for the interpretation of the experi-
mental data.

Since only the first mode of propagation is expected 
within the vessel (Gaete-Garretón et al., 2007), the theoret-
ical longitudinal wave transmitted to the powder, as de-
scribed in Table 2, is depicted in Fig. 11, along with the 
filling volumes used during the experiments. It is observed 
that higher compression—wave crest—is expected for 
medium and maximum fillings. However, dissipation in-
creases with the number of particles (Marhadi and Kinra, 
2005). Therefore, particles at medium fillings, experienc-
ing higher compression but lower dissipation, might  
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Fig. 10 Convective movement observed with GB-A. Some particles were colored red and black to track their path.

Table 2 Calculations of the velocity c, and wavelength λ, of the vibra-
tion propagating within the powder bed, determined from the powder’s 
elastic modulus Eel

b.

Powder Eel [MPa] c [m/s] λ [m]

Av. PH102 0.20 12.5 0.32

GB-3000E 0.57 13.8 0.65

Wheat flour 0.24 15.4 0.46

Joint filler 0.17 20.7 0.27
b Cares-Pacheco et al. (2024)
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decompact more easily at lower accelerations.
This simplified analysis of the transmission of vibration 

waves from the experiments (Fig. 11) shows potential. In-
deed, the length and shape of the vibration propagating 
within the material can be correlated with the acoustic im-
pedance of the system (transducer + container + media) 
(Hueter and Bolt, 1955). It has been demonstrated that the 
acoustic impedance response of the system varies with 
column height, leading to completely different dynamic 
behaviors. For instance, for wood particles immersed in 
water, at low acoustic impedance, the particles exhibited 
agglomeration with a large cluster-like structure at the 
center of the suspension, while a highly dispersive granular 
suspension was observed at the maximum impedance re-
gime (Cares-Pacheco et al., 2010; Gaete-Garretón et al., 
2011).

Recently, Sonzogni et al. (2024), using particle dynamic 
simulations, concluded that the void ratio e, in isotropic 
compaction depends in a nonlinear and nonmonotonic way 
on the degree of adhesion of monodisperse hard particles. 
Our experiments appear to validate this statement; how-
ever, it is important to note that the degree of cohesion in 
real samples cannot be isolated from other particle proper-
ties, such as elastic modulus, size, and shape. The com-
bined effects of these factors may also contribute to the 
observed behaviors, making it challenging to attribute the 
dynamics solely to cohesion.

3.3 Decoding attractive interactions
Despite conditioning the powder and implementing 

strict pouring protocols to achieve a highly reproducible 
initial packing fraction and constant powder height, the 
authors acknowledge the extremely low probability of re-
producing the same contact network after pouring the 

powder. For instance, Fig. 12 shows two distinct experi-
ments for the same sample under identical excitation condi-
tions (see Suaza-Montalvo et al., 2023b, Video 03 in the 
DOREL repository for details). Although both samples 
achieved a reproducible packing evolution ϕ(t), with less 
than 2 % variability, image analysis revealed that particles 
within the bulk follow different trends, indicating that the 
contact network itself, and its evolution during vibration 
are not identical but statistically retain a consistent packing 

A B

Fig. 12 Snapshots from two separate compaction dynamics experi-
ments, A and B, on different samples of the same powder under identical 
vibration conditions. The images, captured at synchronized intervals, 
compare the dynamics at two different moments (top and bottom sets). 
Green arrows highlight differences in particle rearrangement within the 
bulk.
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fraction. This underscores the challenges in describing 
force contact networks in 3D configurations and highlights 
the difficulties, or even the irrationality, of comparing ex-
periments with theoretical modeling at the grain scale for 
such configurations. The particles can assume virtually in-
finite packing configurations while statistically retaining 
consistent macroscopic properties.

The anisotropy in the contact network prompts us to fo-
cus on identifying indicators that offer meaningful insights 
into the system dynamics. In this regard, the decompaction 
conditions appear to be pivotal. Indeed, if the decompac-
tion conditions (Γd and Fd) are applied to the granular ma-
terial, irrespective of its packing state, the powder bed will 
not be able to compact. Instead, a fluid-like behavior, either 
liquid-like or gas-like, or both, will be observed, indicating 
an unstable state. Such experimental findings allow us to 
infer that the parameters facilitating the decompaction of a 
powder bulk provide insights into the mesoscale, macro-
scopically describing a limit of stability in the contact net-
work. In this context, Γd serves as a descriptor of bulk 
cohesion. A dimensionless number can be defined from it 
as the ratio of cohesive forces to non-cohesive forces:
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Eqn. (10) is akin to a Bond number of the mesoscale, 
quantifying bulk adhesion as the ratio of decompaction 
force to the gravitational weight of the powder, Wp. A 
strong force network is characterized by Ad > 1, while 
Ad < 1 values will denote a weak contact network.

The decompaction force relies on both the vibration 
wave (its shape and intensity—Ω, Γ, but also the period 
between cycles) and the system geometry (container di-
mensions, grain size, and powder height). This implies that 
various configurations can be explored, each corresponding 
to specific conditions under study. Nevertheless, the maxi-
mum packing fraction ϕU, can be identified for a fixed sys-
tem geometry, representing the highest achievable 
reorganization state of the powder in a vessel. This fraction 
is intrinsic to the powder and appears to correlate more 
closely with the powder’s flowability assessment when us-
ing the HR (Saker et al., 2019). This maximum consolida-
tion state is referred to as the “Ultimate” state, and all 
parameters describing it are denoted by the subscript U 
(e.g., Fd,U and HRU). This ultimate consolidation state ϕU, 
can be determined either through continuous experiments, 
like those conducted in this study, or through stationary 
studies, as elaborated in Suaza-Montalvo et al. (2023a).

The relationship between the ultimate Hausner ratio HRU 
as a flow indicator and cohesive interactions from Fd,U 
values, for our fixed geometry and various powders (30 g 
of powder and 20 % RH) is depicted in Fig. 13. Here, the 
HRU values show a linear increase with Ad (plotted on a 
semi-logarithmic scale). This observation supports our hy-

pothesis, indicating that lower Ad values are associated 
with a weak force network, where Wp outweighs cohesive 
interactions, as typically seen in gravitational flows. Con-
versely, higher Ad values are linked with strong networks 
that hinder flow.

It can be observed that wheat flour deviates from the 
expected trend, and Avicel PH102 is described as having 
poor flowability. For wheat flour, which consists mainly of 
gluten and starch, fair flowability can be attributed to its 
bi-modal particle size distribution and elastic properties, 
with gluten particles being larger and harder than starch 
particles (Cares-Pacheco et al., 2024). In the case of Avicel 
PH102, a powder formulated for compaction, its aptitude 
for compaction does not directly correlate with its ability to 
flow. However, this may explain the presence of a medi-
um-strength force network; despite the low cohesion be-
tween particles (with a Bond number of 14), particle 
deformation during compaction increases the number of 
contact points.

In an effort to delve deeper into our potential contact 
network descriptor Ad,U, Table 3 compiles dimensionless 
cohesion descriptors derived from previous studies. These 
descriptors were obtained using techniques such as Inverse 
Gas Chromatography (IGC) (Jiménez-Garavito et al., 
2023) and shear test experiments (Cares-Pacheco and Falk, 
2023). Notably, the dispersive surface energy d

sγ  
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 is high-
lighted as a powerful descriptor of the surface properties of 
divided solids, indicating cohesion at the particle scale. 
This is represented by the granular Bond number Bog, 
which relates interparticle cohesion Fc to the particle 
weight Wg as follows, based on the multi-asperity model by 
Chen et al. (2008):
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where L0 is the separation distance, set at 0.1 μm; da is the 
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ments where the highest packing fraction was obtained. The y-axis 
shows the Hausner classification of flowability.
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asperities diameter, set at 0.2 μm; z0 is the equilibrium 
separation distance equal to 0.4 nm; and H is the Hamaker 
constant, determined using Frenkel’s relation:

2 d

s0
24 π  H D γ  
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with D0 being the cut-off distance, equal to 0.165 nm.
The parameter C, which compares the adhesive interac-

tions between grains as determined from the yield locus 
and the confining normal stress or preconsolidation stress 
in shear testing, serves as a critical bulk-scale descriptor 
(Cares-Pacheco and Falk, 2023). To ensure a comprehen-
sive comparison under consistent consolidation conditions, 
the C and fc values listed in Table 3 were obtained at the 
same preconsolidation force at which powder decompac-
tion occurs in our damping tests. This consistency ensures 
that the comparison across different descriptors is meaning-
ful and reliable, particularly when assessing the mesoscale 
descriptor Ad,U and the HRU as a flow index.

The comparative analysis of the samples reveals distinct 
characteristics in their cohesion properties and contact 
networks. For Avicel PH-102, the moderate Ad,U value indi-
cates a well-established contact network. The relatively 
low C and Bog values suggest moderate bulk cohesion and 
interparticle forces, respectively. Wheat flour, on the other 
hand, exhibits higher Bog and C values, indicating strong 
interparticle forces and bulk cohesion. The high Ad,U value 
indicates a robust contact network, likely contributing to 
the overall cohesion.

Joint filler displays an extremely high Bog signifying 
very strong interparticle cohesion, consistent with its high 
C. The high Ad,U value further indicates a well-developed 
contact network, supporting the strong bulk properties. In 
contrast, GB-3000E had the lowest Ad,U, suggesting a less 
developed contact network compared to the other samples. 
The low C and moderate Bog values indicate weaker cohe-
sion at both the particle and bulk scales. It’s important to 
note that the analysis seems biased by the Bog values, par-
ticularly for GB-3000E and Joint filler. In these cases, the 
higher Bog values are more influenced by particle size dis-
tribution rather than accurately reflecting cohesive behav-

ior, as observed with GB-3000E. This indicates that Bog 
may not always be a reliable indicator of cohesion, particu-
larly when particle size distribution significantly affects the 
results.

From a broader perspective, a higher Bog generally cor-
responds to a higher C, indicating that stronger interparticle 
forces contribute to greater bulk cohesion. However, de-
spite extensive research (Capece et al., 2015; Cares- 
Pacheco and Falk, 2023; Giraud et al., 2020), establishing 
a direct correlation between particle-scale properties and 
bulk properties from shear testing has been challenging, 
primarily due to the extreme sensitivity of Bog to particle 
size. Nevertheless, while bulk cohesion from the yield lo-
cus in shear testing is often categorized as a bulk property, 
it actually represents a fracture plane, providing a two- 
dimensional view of plastic failure phenomena. As a result, 
this parameter may not fully capture the essence of bulk 
cohesion, which is inherently a three-dimensional charac-
teristic. The challenge lies in accurately linking these scales 
without relying solely on one specific physical property of 
the grains.

There is a notable correlation between C and Ad,U; a 
more robust contact network, indicated by higher Ad,U often 
supports higher bulk cohesion, indicated by higher C. The 
Ad,U parameter provides insight into the limitations of the 
contact network, offering a view into the mesoscale and 
reflecting how particles rearrange and interact beyond 
simple pairwise contacts. The discovery of a macroscale 
descriptor for the contact force network, which can be de-
termined independently of particle size or any specific 
particle properties, holds significant promise for better 
modeling and understanding granular materials on a 
broader scale.

4. Conclusions
This study delved into the intricate dynamics of  

vibration-induced densification across a broad spectrum of 
industrial powders, including wheat flour, joint filler, glass 
beads, and pharmaceutical excipients. By utilizing a parti-
cle damper, we conducted an extensive series of  

Table 3 Summary of attractive interparticle forces descriptors at different scales, with the dispersive surface energy  d
sγ  
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 used to determine the granular 
Bond number (Bog

c) as a particle-scale descriptor, the parameter Cd from shear testing as a bulk-scale descriptor, the flow factor (fc), and Ad,U as a mesoscale 
descriptor of the contact network, with the ultimate Hausner ratio (HRU) serving as its flow index.

Powder
IGCc FT4d PD decompaction

d
sγ  

 

{31} 

 

  

Bog C fc Ad,U HRU

Avicel PH-102 57.8 14 0.027 17 48 1.43

Wheat flour 42.8 109 0.073  7 76 1.23

Joint filler 39.9 5681 0.064  7 62 1.47

GB-3000E 47.2 170 0.021 22 32 1.37
c Jiménez et al., 2023; d Cares-Pacheco and Falk, 2023.
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experiments to investigate the effects of frequency, air hu-
midity conditioning, and powder height on densification 
dynamics. We consistently analyzed the evolution of pack-
ing fraction with acceleration to explore the conditions 
leading to compaction and decompaction.

Our findings illuminate the pivotal role of transmitted 
vibration waves in shaping the densification dynamics of 
granular materials, underscoring the significance of particle 
dampers. Notably, the sensitivity of force and acceleration 
signals to changes in packing density highlights their po-
tential as structural descriptors of bulk material.

The results demonstrate that under decompaction condi-
tions, the granular assembly does not reach a steady state 
but instead exhibits liquid-like, gas-like, or combined be-
haviors. The decompaction force appears to counteract in-
terparticle forces, preventing particle cohesion. These 
experimental findings suggest that the dynamic parameters 
controlling the decompaction of the powder bed provide 
insights into the mesoscale, revealing limitations within the 
contact force network.

The comparison between adhesive interaction descrip-
tors such as Bog and bulk cohesion C highlights that the 
Ad,U parameter shows a notable correlation with C and can 
be similar to Bog. This indicates that a more robust contact 
network, as reflected in higher Ad,U values, often corre-
sponds to greater bulk and interparticle cohesion. The bulk 
cohesion parameter C, typically derived from the yield lo-
cus in shear testing, primarily represents a fracture plane, 
offering only a two-dimensional perspective on plastic 
failure and may not fully capture the three-dimensional 
nature of bulk cohesion. Unlike Bog, which is sensitive to 
particle size and reflects particle-scale properties, Ad,U pro-
vides valuable insights into the mesoscale structure of the 
contact network, highlighting complex interactions beyond 
simple pairwise contacts. The potential of this macroscale 
descriptor for the contact force network, independent of 
particle size and specific particle properties, could signifi-
cantly enhance the modeling and understanding of granular 
materials on a broader scale.

The results also highlight the importance of accurately 
quantifying the effects of air humidity on the samples. The 
water activity of the samples, representing free water, 
emerges as a suitable indicator that should be considered to 
ensure reproducible results and to better understand its role 
in particle interactions.

Consistent results, depending on particle nature and 
conditioning, highlight that simple, hard, cohesionless, 
round grains cannot adequately represent the intricate in-
teractions between grains in real granular assemblies, 
which are often cohesive and possess arbitrary shapes. By 
extracting and comprehending realistic particle-scale and 
bulk-scale data, this research establishes a foundation for 
developing comprehensive, physics-based insights for ef-
fectively understanding the behavior of granular materials.

Future research should prioritize longitudinal wave 
propagation, acoustic impedance, and powder column 
height by using the experimental framework established 
here. Moreover, integrating theoretical data-driven models 
can complement experimental findings, providing a more 
nuanced understanding of the microscopic forces. This in-
tegration has the potential to enhance the predictive capa-
bilities of existing models and provide valuable insights 
into the behavior of granular materials under diverse condi-
tions.
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Nomenclature
a acceleration (m s–2)
aw water activity (-)
Ad ratio of cohesive to noncohesive forces (-)
Ad,U ultimate Ad (-)
Bog granular Bond number (-)
c wave velocity (m s–1)
C ratio of bulk cohesion to preconsolidation stress 

from shear testing experiments (-)
da asperity diameter (m)
D0 cut-off distance (m)
d particle diameter (μm)
d3,2 Sauter diameter (μm)
d4,3 De Brouckere mean diameter (μm)
d10, d50, d90 particles diameters corresponding to the 10th, 50th, 

and 90th percentiles (μm)
Eel elastic (Young’s) modulus (MPa)
Em specific energy (J kg–1)
Ev kinetic vibration energy derived from harmoni-

cally driven systems (J)
dissE  

 

{32} 

 

 

 

 dissipated energy (J)
f frequency (Hz)
fc flow factor derived from the shear test
F force (N)
Fc cohesion force derived from the multi-asperity 

model (N)
Fd force at decompaction point (N)
Fd,U ultimate force at decompaction point (N)
g gravity (m s–2)
H Hamaker constant (J)
HR Hausner ratio (-)
HRU ultimate Hausner ratio (-)
L0 separation distance (m)
m mass (kg)
mp mass of powder (kg)
S cross section of the vessel (m2)
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V volume of a vessel (L)
Wp powder weight (N)
Wg particle weight (N)
v velocity (m s–1)
vair average air velocity (m s–1)
vmf minimum fluidization velocity (m s–1)
Z average number of contacts per particle (-)
z0 equilibrium separation distance (m)

d
sγ  

{31}

 dispersive surface energy (J m–2)
Γ relative acceleration (-)
Γd relative acceleration at decompaction point (-)
∆t time duration (s)
∆V bed volume reduction (m3)
∆z bed height reduction (m)
λ wavelength (m)
μ gas viscosity (Pa s)
ν Poisson’s ratio (-)
ρ density (kg m–3)
ρp pycnometric density (kg m–3)
ϕ packing fraction (-)
ϕs stable packing fraction (-)
ϕU ultimate packing fraction (-)
ϕs,d packing fraction at decompaction point (-)
ω angular frequency (rad s–1)
Ω relative frequency (-)
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The 56th Symposium on Powder Technology

The 56th Symposium on Powder Technology organized by Hosokawa Powder Technology Foundation took place 
at Grand Cube Osaka (Osaka International Convention Center), in Japan on Tuesday, September 3, 2024. It was held 
by the planning of Council of Powder Technology, Japan and with the sponsorship of Hosokawa Micron Corporation. 
Nearly 250 people from the industries and universities attended this symposium. The theme of the symposium this 
year was “Powder Technology and its Applications for Advanced Manufacturing Processes”. There were six lectures, 
including the KONA Award commemorative lecture, from basic and applied perspectives. This year’s symposium was 
held in a hybrid format, with both in-person and online participation, for the third consecutive year.

The event began with an opening address by Mr. Yoshio Hosokawa, the president of the Foundation, who welcomed 
participants from a wide range of academic and industrial fields and introduced the background of the Symposium and 
the Foundation’s activities in the field of powder technology in Japan and abroad.

Prior to the lectures, the KONA Award presentation ceremony was held, and the plaque of the KONA Award was 
handed from the president to the 2023 KONA Awardee; Emeritus Professor Wiwut Tanthapanichakoon, Chulalong-
korn University, Thailand. The KONA Award is an international award given to researchers who have made outstand-
ing achievements in the field of powder and particle science and technology. He is the 38th recipient of the award 
and the first Asian (excluding Japan) to receive the KONA Award. The contents of the symposium are shown below.

In the subsequent lecture session, the 2023 KONA Award commemorative lecture was delivered first, in which he 
gave an easy-to-understand explanation of his contribu-
tions to the development of powder and particle science 
and technology and the promotion of technological 
exchange between Thailand and Japan, particularly with 
regard to representative examples of research results ap-
plying submicron- and nano-sized particle technology, 
such as the development of HEPA filter technology.

Following this, two keynote lectures were delivered 
by prominent figures in the field of powder technology: 
Professor Shoji Maruo of Yokohama National University 
and Research Director Yuji Hotta of AIST. Prof. Maruo 
presented the latest trends in ultra-precision 3D printing 
technology using various powder materials, while Dr. 
Hotta discussed the effectiveness of AI technology in 
material development, particularly for ceramics, and the 
contributions of Material DX.

Subsequently, three industry experts delivered pre-
sentations on the application of powder technology and 
nanoparticle synthesis and processing techniques in 
product developments that have been attracting much 
attention recently. Dr. Chie Kawamura from Taiyo 
Yuden Co., Ltd. discussed the development of energy 
devices using multilayer ceramic capacitors (MLCCs), 
Dr. Takahiro Morishita from Toyo Tanso Co., Ltd. pre-
sented on the development of high-performance carbon 
materials through powder control technology and their 

Opening address by President Yoshio Hosokawa.

The 2023 KONA Award commemorative lecture by Emeritus Prof. 
Wiwut Tanthapanichakoon.

https://doi.org/10.14356/kona.2025021


286

applications, and Mr. Kenji Shimizu from Hosokawa Micron Corporation spoke about technological innovations in 
powder measurement equipment that meet the needs of cutting-edge powder production processes.

After the lectures, a general discussion session was held, chaired by Executive Director of the Foundation and 
Emeritus Professor Makio Naito of Osaka University. Questions and opinions were raised by attendees from various 
fields, leading to a lively exchange where the speakers directly responded to the inquiries.

At the conclusion of the symposium, President Kohei Hosokawa of Hosokawa Micron Corporation delivered a 
closing address, marking the successful end of the event. Following the symposium, in the reception hall, a social 
gathering was held, continuing from last year, allowing the lecturers and attendees to engage in meaningful exchanges 
in a relaxed atmosphere from beginning to end. This year, over 80 participants attended the venue, filling the room to 
capacity, with nearly 250 attendees in total, including online participants. The following 57th Symposium is scheduled 
to be held in Tokyo next year.

Lectures by Prof. Shoji Maruo, Dr. Mikinori Hotta, Dr. Chie Kawamura, Dr. Takahiro Morishita, and Mr. Kenji. Shimizu.

Lecture scene. General discussion.

Closing remarks by HMC President Kohei Hosokawa. Get-acquainted party.
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The 56th Symposium on Powder Technology

Theme: “Powder Technology and its Applications for Advanced Manufacturing Processes”
Date: Tuesday, September 3, 2024
Place: Grand Cube Osaka (Osaka International Convention Center)

Opening address  Mr. Yoshio Hosokawa (President of Hosokawa Powder Technology Foundation, Chairman of 
Hosokawa Micron Corporation, Japan)

・2023 KONA Award presentation ceremony

Session 1 Chaired by Prof. Masayoshi Fuji (Nagoya Institute of Technology, Japan)

・Lecture 1 (Special lecture by the 2023 KONA Awardee)
“Our Contributions to the Advancement of Powder/Particle Technology Including Thailand–Japan 
Collaborations”

Emeritus Prof. Wiwut Tanthapanichakoon (Chulalongkorn University, Thailand)

・Lecture 2
“Ultra-Precision 3D Printing Technology Using Various Powder Materials”

Prof. Shoji Maruo (Graduate School of Engineering, Yokohama National University, Japan)

Session 2 Chaired by Dr. Yoshio Sakka (Special Researcher, NIMS)

・Lecture 3
“Data-Driven Materials Research and Development Contributing to Material Innovation and En-
hanced Reliability for Ceramics and Other Materials”

Dr. Mikinori Hotta (Group Leader, National Institute of Advanced Industrial Science and Technology 
(AIST), Japan)

・Lecture 4
“Development of All-Solid-State Batteries and Fuel Cells Utilizing the Material Technology of Multi-
layer Ceramic Capacitors”

Dr. Chie Kawamura (Chief Researcher, Taiyo Yuden Co. Ltd., Japan)

Session 3 Chaired by Honorary Research Advisor, Dr. Hisao Makino (CRIEPI, Japan)

・Lecture 5
“High-Performance Graphite Products Based on Powder Control Technology and the Latest Carbon 
Powder Materials”

Dr. Takahiro Morishita (Executive Fellow, Toyo Tanso Co. Ltd., Japan)

・Lecture 6
“The Latest Powder Property Measurement Technology”

Mr. Kenji Shimizu (Powder Technology Research Institute, Hosokawa Micron Corporation, Japan)

General discussion Chaired by Emeritus Prof. Makio Naito (Osaka University, Japan)

Closing remarks  Dr. Kohei Hosokawa (President of Hosokawa Micron Corporation, Japan)
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The KONA Award 2023

The KONA Award has been presented to the researchers who have greatly contributed to research and development as 
well as education in the field of Powder and Particle Science and Technology since 1990. Originally given by the Hosokawa 
Micron Corporation, it is now presented annually to researchers worldwide by the Hosokawa Powder Technology Foun-
dation. The application for this award requires a specified recommendation form written in English to be submitted to the 
President of the Hosokawa Foundation. The award candidates are reviewed by the KONA Award Committee members, and 
the results are reported to the Selection Committee of the Foundation for nominating the awardee. It needs to be finally 
approved at the Board of Directors’ meeting of the Foundation. The KONA Award is presented at a ceremony in or outside 
Japan with a plaque and a prize of one million yen. The KONA Award 2023 has been presented to Emeritus Prof. Wiwut 
Tanthapanichakoon from Thailand. The KONA Award plaque was presented to the awardee at the 56th Symposium on 
Powder Technology on September 3, 2024.

Dr. Wiwut Tanthapanichakoon (WT) has made great contributions to powder/particle and aerosol technology as well as 
chemical engineering from the viewpoints of not only academic research but also the promotion of collaboration in these 
fields, especially between Thailand and Japan, for nearly half a century. After studying chemical engineering at Kyoto Uni-
versity and obtaining his PhD degree at the University of Texas, he joined Chulalongkorn University (CU) in late 1978 and 
became a full professor in 1993, and an Emeritus Professor in 2004, and then took the post of the first Executive Director, 
National Nanotechnology Center (NANOTEC) in Thailand. After completing his term at NANOTEC, he became a TITech 
professor and in 2015 was appointed the first Thai Emeritus Professor in its century-long history.

During his long career, WT was a short-term JSPS visiting scientist for a total of 8 times at Kanazawa University (KZU), 
Kyoto Univ., and TITech. To initiate close research collaborations, WT went to KZU first as a 3-month JSPS visiting sci-
entist in 1980. Starting from scratch, he could successfully manage to develop, create, and validate an innovative computer 
code that efficiently simulates the 3D convective diffusional deposition and dendritic growth of submicron aerosol particles 
on a single fiber using the Monte–Carlo method. In the 1980s, the filter performance and life expectancy of an entire HEPA 
and ULPA (fibrous air) filters, which are indispensable to clean rooms had to be determined experimentally because their 
theoretical investigations and simulations were impractical for submicron and nanosized particles that move by Brownian 
motion.

WT and KZU collaborators not only experimentally validated the methodology but also extended the simulation to the 
more realistic case of polydisperse particles and then used it to predict their performance and the filter life. They could 
quadruple the service life of a high-efficiency electret filter by gradually varying the packing density from lowest at the inlet 
to highest at the outlet, compared to the conventional case of equal, uniform packing density. WT has co-authored 21 papers 
on this important area since 1981.

In the area of nanoparticle synthesis (NPS), WT and his collaborators pioneered and extended the simple method of arc 
discharge in water to a variety of liquids (alcohols, alkanes, aromatics, etc.) and produced carbon and metal nanoparticles 
(NP) with higher yields and diverse morphologies (nanoballs, nanotubes, nano-onions, nano-whiskers, nano-horns, etc.) 
and novel characteristics. They further found that monoolein surfactant had an enhancing effect on carbon NP synthesis and 
the use of a metal-graphite electrode pair yielded metal-embedded CNP. They also investigated the synthesis of ZnS NP in 
microemulsion and of hydroxyapatite NP in an emulsion liquid membrane system as well as the effect of zinc precursors 
on the thermal and light emission properties of ZnO NP 
embedded in polyimide films. WT co-authored 24 papers on 
NPS since 2004.

While pursuing these opportunities, he introduced and 
established powder/particle technology as an integrated/
comprehensive discipline in Thailand starting from the late 
1980s with strong cooperation and support from Japan. WT 
was Deputy Dean for Research Affairs & Director of En-
gineering Institute for Research and Development (EIRD), 
and Chairman, ChE Dept. He played a key role in the 
initiation and establishment of the Thai Powder Technology 
Center (TPTC) in 1992 with strong support from APPIE 
(TPTCCC) and SPTJ, serving as Director. In 1996, he set 
up the Particle Technology and Material Processing Lab in 
the ChE Dept. He also set up and served as Director, Center 
of Excellence in Particle Technology (CEPT) with strong 
support from CU.

At the KONA Award presentation ceremony,
President Hosokawa (Right) and 2023 KONA Awardee Emeritus Prof. 
Wiwut Tanthapanichakoon (Chulalongkorn Univ., Thailand).
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