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Editorial

Editor’s Preface
Wiwut Tanthapanichakoon
Asian / Oceanian Editorial Board
Fellow, Science Academy, the Royal Society of Thailand

It is my great honor and privilege to be invited by the Editor-in-Chief to write an Editor’s Preface for the KONA
Powder and Particle Journal No. 39. As mentioned by Prof. Brij M. Moudgil, the recent issues continue the tradition
of presenting high quality review articles and original research papers. KONA is also reaching out to an everexpanding cadre of researchers as illustrated by the diversity of discipline represented by the authors of the articles,
thereby continuing to serve academic and industrial researchers from physical sciences to engineering and beyond.
As an international researcher who serendipitously entered this field and subsequently played a pivotal role as a
sort of bridge between Thailand and Japan, I was greatly honored with an Imperial Decoration ‘the Order of the
Rising Sun, Gold Rays with Neck Ribbon’ in Autumn 2016. Started over a half century ago, my relationship and involvement in powder/particle science and technology (or PST) encompass the establishment of the Thai Powder
Technology Center with a strong support from Japan (Association of Powder Process Industry and Engineering;
Society of Powder Technology) in 1992, followed by Center of Excellence in Particle Technology, both in Faculty
of Engineering, Chulalongkorn University (CU) and the establishment of Thailand’s NANOTEC (National
Nanotechnology Center) in 2003 affiliated with National Science and Technology Development Agency. In retrospect, my serendipitous first brush with PST happened when I was an RA/PhD student in Prof. David M.
Himmelblau’s Lab, University of Texas at Austin from 1973–1978, and a Dr. Chikao Kanaoka, Kanazawa University (KZU), Japan, came to his Lab for 2 years as visiting scientist to carry out experimental research in atmospheric aerosol engineering. After graduation in late 1978, I immediately joined the Chemical Engineering Dept. of
Chulalongkorn University in Bangkok and was persuaded by Dr. Kanaoka to apply for a short-term JSPS (Japan
Society for the Promotion of Science) Fellowship to carry out research collaboration with him in Prof. Hitoshi Emi’s
Lab, KZU, in 1980. Starting essentially from scratch, in only 3 months I managed to develop, code, validate and
simulate an innovative computer model for the stochastic convective diffusional deposition and dendritic growth of
submicron aerosol particles on a single fiber using the Monte-Carlo method. It was deemed the first practical computer model of its kind as the random movement of submicron particles was governed by Brownian motion and the
Langevin equation that was known to take a large amount of CPU time even on a supercomputer to simulate
straight-forwardly without applying practical insight of Brownian diffusion to transform and simplify the equation.
As widely recognized globally, especially in the developed countries, powder/particle science and technology in
Thailand has also played key roles in her industries and society, including environmental protection and human life
well-being. For example, researchers of NANOTEC and their collaborators are active in developing and applying
nanoparticle technology, including nanoencapsulation and nanosensors, to drug delivery and medical diagnosis
(screening and monitoring) of diabetes, cervical cancer and breast cancer. Recently first-principle models and computer simulation of complex powder processing equipment have taken root in leading Thai industrial plants, including SCG Chemicals (SCGCh) where I am a full-time technology advisor, thanks to the availability of advanced

Copyright © 2022 The Author. Published by Hosokawa Powder Technology Foundation. This is an open access
article under the CC BY license (https://creativecommons.org/licenses/by/4.0/).
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software on CFD (Computational Fluid Dynamics) and DEM (Discrete Element Method) in tandem with highperformance computers as well as cloud computing.
Incidentally, I recently had an opportunity to fully participate over five weeks in an Autonomous Systems AI
Architect Training Workshop offered by SCGCh’s collaborator Microsoft. Based upon AI (more specifically, deep
reinforced learning of AI machine learning coupled with availability of plant big data), a well-designed autonomous
system should enable real-time optimization and control (RTOC) of large-scale chemical process plants, including
powder/particle ones, in the foreseeable future. Currently, the insurmountable limitations of using reliable
first-principle modeling of machinery and process equipment to simulate a large-scale petrochemical plant (which
inevitably requires a huge amount of CPU time, thereby causing significant real time delay) in conjunction with
huge collections of historical plant operational datasets (which generally suffer from lacking of diversity of
wide-ranging operating conditions and reflect mostly steady-state non-dynamic conditions) have rendered the current implementation of plant-wide RTOC technically infeasible. However, a practical solution would be to develop
and validate the necessary dynamic first-principle models of the whole process plant with the aid of decade-long
historical plant data that include process disturbances and interruptions; then simulate the validated dynamic plant
model to generate detailed dynamic responses to millions of different operational scenarios, including process disturbances and parametric uncertainty. Next an appropriately designed autonomous AI system is employed off-line
to train itself using the generated big data and come up with reasonably reliable correlations between process inputs/parameters and the corresponding state variables/outputs. The derived correlations would next be used in place
of the dynamic first-principle plant model to efficiently carry out timely plant-wide RTOC. The beauty of the AI
methodology is that, even after the actual implementation of the RTOC, the autonomous system can continue to automatically learn and refine the existing correlations by making good use of the newly observed plant data. Though
a dynamic powder processing system/plant is generally more complicated than a typical chemical plant, I believe
that a similar, or perhaps some more innovative, AI methodology would be applicable to the implementation of
RTOC of powder processing plants in the not too distant future. Last but not least, I look forward to the advent of
articles related to AI and its applications to powder/particle science and technology in future issues of KONA
Powder and Particle Journal.

Wiwut Tanthapanichakoon
Asian / Oceanian Editorial Board
June 13, 2021
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Review Paper

Progress in Multidimensional Particle Characterization †
Uwe Frank 1, Maximillian J. Uttinger 1, Simon E. Wawra 1, Christian Lübbert 1,2
and Wolfgang Peukert 1,2*
1
2

Institute of Particle Technology (LFG), Friedrich Alexander Universität Erlangen-Nürnberg, Germany
Interdisciplinary Center for Functional Particle Systems, Friedrich Alexander Universität Erlangen-Nürnberg, Germany

Abstract
The properties of particle ensembles are defined by a complex multidimensional parameter space, namely particle
size, shape, surface, structure, composition and their distributions. Macroscopic product properties are a direct
result of these disperse particle properties. Therefore, the comprehensive multidimensional characterization
of particle ensembles is a key task in any product design. However, the determination of complex property
distributions is major challenge. We provide a broad overview of the current tools for multidimensional particle
characterization. First, the mathematical handling of multidimensional (nD) property distribution is outlined as
a necessary framework for the correct handling of nD particle size distributions (PSDs). Then, well-established
techniques as well as recent developments with the potential to extract nD property distributions are reviewed. Ex
situ imaging techniques like electron tomography or Raman spectroscopy with AFM co-localization, for instance,
provide a resolution on the level of single particles but are limited in terms of sample statistics. A particular focus
lies therefore on methods in the gas and the liquid phase, which provide multidimensional particle properties either
directly or by a combination of one-dimensional techniques.
Keywords: particle characterization, multidimensional measurement, nanoparticles, particle technology, particle
properties, particle property distribution

1. Introduction
Modern micro- and nanoparticle systems are key to
advancements in various applications including additive
manufacturing (Ngo et al., 2018; Ligon et al., 2017),
printable electronics (Kim D. and Moon, 2005), solar cells
(Kim S.S. et al., 2008), fuel cells (Chan K.Y. et al., 2004),
batteries (Wessells et al., 2012), medical applications
(Murthy, 2007) and biomedical sensors (Polavarapu and
Liz-Marzán, 2013). Functional particle systems are widely
applied in many different fields because of their wide range
of tunable physical properties. This rich behavior is the
direct result of the five-dimensional parameter space that
is defined by particle size, shape, surface, structure, and
composition. The relationship between particle properties
and the dispersity is known as property function and was
first coined by (Rumpf, 1967)
Property = f (dispersity)

†

*

Received 15 July 2020; Accepted 19 August 2020
J-STAGE Advance published online 6 March 2021
Corresponding author: Wolfgang Peukert;
Add: Cauerstraße 4, 91058 Erlangen, Germany
E-mail: wolfgang.peukert@fau.de
TEL: +49-9131-85-29400 FAX: +49-9131-85-29402

(1)

where the dispersity includes particle size, shape, surface,
structure in terms of inner porosity, crystalline or amorphous phases and composition as well as their respective
distributions. Examples for the manifold realizations of
multidimensional (nD) particle systems are provided in Table 1 and are highlighted in Fig. 1. The particle size ranges
from about one nanometer for quantum dots up to several
tens of centimeters for mineral particles. With the advent
of nanoparticle technology, also particle shape came into
focus. Prominent examples are plasmonic nanoparticles,
where the shape influences the number and the position of
the plasmonic resonance peaks (Yu R. et al., 2017). Below
particle sizes of a few microns, particle surfaces become
increasingly important. The ratio of van der Waals attraction between two spherical particles and particle weight
scales with the inverse diameter squared, i.e. the dispersive
particle interactions are orders of magnitude larger than
the particle weight. Moreover, surface functionalization by
molecules or small nanoparticles can be used to tailor particle-particle interactions and adhesion forces (Soto-Cantu
et al., 2012; Giesbers et al., 2002). Core-shell structures are
used for controlled release in life sciences or to enhance
chemical stability.
The internal structure is most important for porous
systems such as activated carbon, zeolites or metal-organic
frameworks (MOF) (Holst and Cooper, 2010; Wang T.C.

Copyright © 2022 The Authors. Published by Hosokawa Powder Technology Foundation. This is an open access
article under the CC BY license (https://creativecommons.org/licenses/by/4.0/).
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Table 1 Application examples of micro- and nanoparticle systems
with multidimensional property distributions beyond size.

Disperse
property

Application example

Shape

Plasmonic metal NPs a, nanorods b, platelets a
2D materials, e.g. graphene c, BN d, MoS2 e
Semiconducting NPs, e.g. nanorods f, tetrapods g

Surface

Control of surface energy h, Hydrophiliclipophilic balance i
Roughness for controlled adhesion and
powder flow j
Surface chemistry for controlled reactivity k
Charge for controlled colloidal stability l
Toner size-charge (see E-SPART analyzer) m
Core-shell microparticles, e.g. controlled
release in life sciences n
Core-shell semiconducting nanoparticles, e.g.
CdSe@ZnS o

Structure

Amorphous vs crystalline particles p
Polymorphic forms in pharmacy

q

Controlled pore size, e.g. in MOFs r, zeolites s
or pore size distributions, e.g. adsorbents
such as activated carbon t, CO2-absorbers u
Magnetic properties v
Complex
compositions

Minerals w
Semiconducting NPs, e.g. CIS x, CZTS y
Electrode materials, e.g. hybrid NPs z, catalyst particles aa

a (Yu R. et al., 2017) b (Olson et al., 2015) c (Novoselov, 2011; Damm C.
et al., 2015) d (Duan et al., 2016) e (Theerthagiri et al., 2017) f (Zhuang
et al., 2020) g (Mokari et al., 2004) h Platz (Navrotsky, 2003; Finnegan
et al., 2007) i (He et al., 2014; Maestro et al., 2012) j (Jallo et al., 2011;
Tanaka et al., 2008; Esayanur et al., 2005) k (Yan et al., 2018) l (Kim
K.M. et al., 2014; Zhong et al., 2012) m (Mazumder et al., 1991) n (Rey
M. et al., 2020; Khan et al., 2015; Wang Y. et al., 2013) o (Zhang L. et
al., 2011; Haubold et al., 2001; Gerdova and Haché, 2005) p (Dimitrov
et al., 1999) q (Chistyakov and Sergeev, 2020) r (Hu J. et al., 2010;
Brown J.W. et al., 2013) s (Roth et al., 2013) t (Yao and Lenhoff, 2004;
Mangun et al., 2001) u (Del Rosso et al., 2016) v (Li Q. et al., 2017) w
(Mogyorósi et al., 2003; Waychunas and Zhang H., 2008) x (So et al.,
2016) y (Kannan et al., 2016) z (Lee J.S. et al., 2014) aa (Kleijn S.E.F.
et al., 2012)

et al., 2015; Hu Z. and Srinivasan, 2001). Also, particles,
which are composed of several crystalline or amorphous
phases, belong to that group. Minerals but also advanced
semiconducting particles (e.g. CIS, CTZS, battery materials or active catalysts) often have a rich phase behavior
(Hochella et al., 2008). Little is known if and how it
depends on size. At the lower nanoscale, even the phase
behavior of less intricate materials such as alumina (Sun J.
and Simon, 2007) or CdS is size-dependent (Neeleshwar et

4

Fig. 1 Exemplary nano- and microparticle systems sorted by their
underlying properties, which are defined by the five parameters namely
size, shape, surface, structure and composition. Size: (1a) lead tin
quantum dots, (1b) silicon nanoparticles, (1c) spherical polybutylene
terephthalate polycarbonate blend particles. Shape: (2a) gold nanocubes
after a HAuCl4 solution was added, (2b) zinc oxide prisms, (2c) aggregated silicon nanoparticles in toluene. Surface: (3a) nanoparticle with
complex surface, (3b) silver patches grown on borosilicate microsphere,
(3c) functionalized ZnO nanorod. Structure: (4a) colloidal crystal, (4b)
hematite mesocrystal, (4c) silver nanorod. Composition: (5a) Cu/Zn
catalyst precursor, (5b) Silicon Germanium hybrid nanoparticle, (5c)
kesterite crystal. Reproduced with permission from (Frank U. et al.,
2019) Copyright 2019, Wiley.

al., 2005; Eom et al., 2013).
In order to study these complex phenomena, various
nano- and microparticle systems have to be characterized
with respect to structural (via the dispersity) and functional
properties. Examples depending on the five-dimensional
parameter space are highlighted in Table 2.
Characterization tools provide single mean or distributed
parameters like the volume-equivalent, the hydrodynamic
or the sedimentation-equivalent diameter (Modena et al.,
2019). With increasing complexity in terms of nD particle
parameters it becomes more and more difficult to interpret
direct measurement results. Different combinations of
dispersed particle properties can lead to the same value of
a measured quantity, e.g. the volume of a particle. Combining results from different measurement techniques or using
experimental setups, which are sensitive to nD properties
directly, are therefore required in order to gain more information on complex particle systems.
The objective of this review is to provide an overview of
past and current developments concerning the multidimensional characterization of particles. In a few recent cases,

Uwe Frank et al. / KONA Powder and Particle Journal No. 39 (2022) 3–28
Table 2 Multi-dimensional particle properties for technological and
functional properties.

Technological
properties

Transport properties: size, density, shape a
Powder flow: surface, size, shape, structure b
Packing characteristics: size, shape,
structure c
Colloidal stability: size, shape, composition d

Functional
properties

Mechanical properties: size, structure,
composition e
Optical properties: size, shape, structure,
composition f
Electronic and magnetic properties: size,
shape, structure, composition, surface g
Chemical properties: surface, structure,
composition h
Sensory properties, e.g. taste: size, composition, structure i
Thermodynamic properties, e.g. solubility,
melting, sintering: size, surface, composition j

a

(Hansen 2004; La Torre et al., 2007; Wawra et al., 2018) b (Schmidt
J. et al., 2014) c (Parteli and Pöschel, 2016) d (Chemseddine and Weller
H., 1993; Gudarzi, 2016) e (Herre P. et al., 2017) f (Yu R. et al., 2017;
Link S. et al., 1999; Motl et al., 2010) g (Zhang W. et al., 2003; Sharma
et al., 2010; Zhu M. et al., 2012) h (Domaschke et al., 2019) i (Fathi et
al., 2013; Davidov-Pardo et al., 2015; Joye I.J. and McClements, 2014)
j (Letellier et al., 2007; Guisbiers, 2019; Castro and Gouvêa, 2016; Li
W. et al., 2016)

two-dimensional (2D) information was obtained from one
single experiment as will be highlighted in this review.
First, a thorough mathematical description of multidimensional particle ensembles will be provided. Comparability
of measurement results from different techniques can be
achieved by taking different weightings into account. The
derivation of one-dimensional (1D) distributions from
multidimensional distributions is always possible while
the reverse case, i.e. the derivation of multidimensional
distributions from 1D ones, is an ill-posed problem. Based
on this theoretical background, the focus of the review lies
on experimental procedures. Therefore, comprehensive
techniques based on microscopic imaging and characterization methods for gas phase and liquid phase analysis
are reviewed and critically discussed with respect to their
potential for nD particle characterization.

2. Multidimensional particle size distributions
As the properties of nano- and micron-sized particles
are typically distributed, mathematical tools for property

distributions require a comprehensive description. Most
often the size of particles is the key parameter, as many
properties of particulate products are influenced by their
size distribution. Only for spherical particles, the size can
be described by using a single parameter, i.e. the diameter.
In the general case, particle size of an irregular particle is
understood in terms of an equivalent size, such as the diameter of a sphere of equal volume, equal surface or equal
hydrodynamic transport behavior. To date, disperse particle
systems are mostly characterized by one-dimensional (1D)
particle size distributions (PSDs), which were comprehensively described by Rumpf and Leschonski (Leschonski
K. et al., 1974a; 1974b). This concept has proven to be
very useful for rather simple particle systems but must
be expanded for the description of more complex particle
systems. One general difficulty is that different particle
parameter sets can lead to the same equivalent diameter,
e.g. different diameter and length combinations of a rodlike particle result in the same volume-equivalent diameter.
Therefore, a nD description of complex particle ensembles
is required. In general, nD PSDs are defined as (Frank U.
et al., 2019)

Amount of kind r in interval dx
(2)

interval size dx * total amount of kind r

(2) the nD PSD qr of the random vector x   n . The
with
distribution qr fulfils several requirements, it is non[21]
negative, integrable and normalized. The index r is related
to the weighting of the PSD. Depending on the measurement technique, PSDs are differently weighted, based
on the underlying physical measurement principles, e.g.
counting (r = 0) or weighing, (r = 3). If not taken into
account, the weighting introduces comparability issues
between different measurement techniques (Modena et al.,
2019). In the 1D scenario, it is very convenient to convert
differently weighted PSDs into each other, e.g. from kind k
to kind r (Leschonski K. et al., 1974a; 1974b)

q r  x 

qr  x 

x r  k qk  x
M r  k,k

(3)
x

(3) the moment M r  k , k   max x r  k qk  x dx , which is
with
xmin
calculated by integration from the minimum xmin to the
maximum particle [22]
size xmax. Of course, the situation is
more complicated in the nD case. Here, weighting functions need to be considered and the notation is slightly
adapted (Frank U. et al., 2019)


q  x  κ  x

q r  x  k
(4)
M r,k
with
(4) the weighting function κ, which maps the random
vector x to a positive scalar. An intuitive example is the
volume of a regular, non-spherical particle (e.g. a rod or
[23]
platelet), which is calculated from the particle geometry
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parameters of length and diameter. The denominator
is
 
defined as generalized moment M r,k   x nqk  x κ  x d n x .
A simple example for a 2D PSD alongside the extraction
of 1D distributions of linked [24]
variables is presented in the
following paragraphs.

2.1 Two-dimensional particle size distributions
The concept of 2D PSDs was recently illustrated for
the example of normal-distributed gold nanorods, which
are characterized by their length l and diameter d (Frank
U. et al., 2019), and is recapped here for an intuitive way
of understanding multidimensional distributions. Similar
conclusions and relations hold true for the case of a 2D
log-normal distribution with two log-scaled axis.
To demonstrate the influence of different weightings, the
surface weighted q2 and volume weighted q3 distributions
were calculated from the number-weighted PSD q0 via Eq.
4. Here κ is replaced with functions for the surface and
volume
1
πd 2  πdl
2
π
V l, d   d 2l
(5)
4
S
d , l

(5)
(6)

A comparison of the obtained distributions can be found
(6)
in Fig. 2. The function maximum is depicted with a star
alongside an isoline, which illustrates the shape of the
distribution. A significant shift within the distributions is
clearly visible and stresses the importance of the different
weightings. The stars indicate the modal values, which shift
from finer to coarser values for the length and diameter.

2.2 Calculation of one-dimensional data from
two-dimensional particle size distributions
With the 2D PSDs at hand, it is possible to calculate respective 1D distributions. This can be performed either via
marginalization or via the calculation of a linked variable.
Marginalization is the simpler case. Here one can calculate
the distributions for length and diameter simply by integration with respect to the complementary variable, e.g.
d max

d

q0 l 

min

q0 l, d  dd

(7)

(7)
The more general case is to obtain r weighted 1D
distributions ρ of a linked variable y, like sedimentation
coefficient, aspect ratio or volume. This can be achieved
via conditional integration to obtain the cumulative distribution function (CDF) and subsequent derivation

ρ  y 

d
dy



 {x | f x y}qr x d n x
n

(8)


(8)the mapping function f  x. Applied to the 2D case of
with
the aspect ratio ν of a rod-like particle, which is defined as
[25]
the ratio of length to diameter ν = l/d, one obtains
d
ρ ν 
q0 l, d  dl dd
l
dν  {l,d | d  ν}
(9)
d d max d ν
q0 l, d  dl dd

dν  d min lmin
This can be interpreted as calculation of a cumulative
(9)
distribution
of the aspect ratio with subsequent derivation,
which is illustrated in Fig. 3. The calculation of other
distributions can be performed analogously. This procedure enables the calculation of various quantities from 2D
nanoparticle property distributions.
Furthermore, 1D weight-dependent expected values
(weight averages) Er can be computed from the 1D distributions via evaluation of the integral
E r  y 

  yρ  y dy


 d

  y
qr  x d n x  dy



x n |f  x  y


d
y



(10)

Applied to the example above, one can obtain the number(10)
weighted mean aspect ratio via

E0 ν 

 νρ ν dν

  ν(


Fig. 2 Comparison of differently weighted PSDs. Depicted are the
number-weighted q0, surface-weighted q2 and volume-weighted q3 PSD
of gold nanorods. The stars indicate the maximal values of the distri1
max qi  . Reproduced with
bution. The line is an isoline at the value
e
permission from (Frank U. et al., 2019). Copyright 2019, Wiley.

Fig. 2 [31]

6

d
dν

d max d ν

 d l
min

min

(11)

q0 l, d  dl dd ) dν

Equivalent calculations for other physical quantities, e.g.
(11)
mean sedimentation coefficient, mean mobility diameter
etc. are possible.
In summary, this section provided a detailed overview
of the current state-of-the-art for the mathematical handling of nD particle property distributions. However, their
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3. Image analysis and microscopy
Manifold different analytical techniques exist to directly
image particles. The underlying principles used for image
characterization of samples vary across the length scales
of the material systems under investigation. Apart from the
multidimensional characterization in terms of geometry,
other complementary techniques based on spectral or
electronic characterization are used to retrieve correlations
of certain physical properties like the size and chemical
composition of particles. While it is possible to acquire detailed data on the single particle level, statistically reliable
characterization of particle ensembles requires a significant
number of measured particles. In the case of 1D properties,
usually hundreds to thousands of particles are analyzed
(Rice et al., 2013; Nacken T.J. et al., 2015; Verleysen et al.,
2019). Estimations for sufficient particle numbers exist, see
e.g. (Stieß, 1995). For instance, the determination of the
median particle size within +/– 3 % accuracy and a confidence interval of 95 % requires counting of close to 5000
particles, counting only 400 particles leads an accuracy of
only 10 %. For the determination of nD PSDs, the number
of particles that need to be investigated must be even higher
to avoid obtaining data of limited accuracy and reliability.
Many publications using image based characterization are
clearly below these numbers, even though software-based
image analysis can help reducing the temporal effort of
acquiring particle size and shape information (Verleysen et
al., 2019; Frei and Kruis F.E., 2020).
Furthermore, microscopic techniques require careful
sample preparation from the gas or liquid phase to separate
individual particles on a substrate. Sampling can lead to
various artefacts and systematic errors by size-selective
deposition, drying or agglomeration.

3.1 Light microscopy

Fig. 3 Schematic way to obtain a distribution of a linked variable. In
(I) a 2D Gaussian PSD is depicted alongside lines indicating different
aspect ratios. In (II) the CDF is displayed, which is obtained by integration of the areas and which are defined by the lines of constant aspect
ratios in (I). Derivation of the CDF leads to the 1D distributions of the
aspect ratio in (III). Reproduced with permission from (Frank U. et al.,
2019). Copyright 2019, Wiley.

experimental retrieval is a quite challenging task. Recent
progress in novel experimental approaches allows the
determination of higher dimensional property functions. In
the following sections, we will present some of the most
relevant characterization methods and briefly recap their
underlying physical principle and the respective results.

Imaging single particles (reasonably larger than the
wavelength) with light enables determining their 2D
projection on a substrate or directly in sufficiently dilute
and thus optically transparent flowing systems. Particles
on a substrate typically lie in their stable position while
particles imaged in a flowing gas or liquid can be viewed
from different projections. Analysis on-the-fly is excellent
to image a very high numbers of particles to enhance the
statistical reliability of such measurements. Image analysis
of projected areas of particles in flow cells has been applied
in order to retrieve nD information on particle properties
(Bujak and Bottlinger, 2008). More details on the concepts
of flow cells can be found in Section 5.1. Recently, a novel
omics-like method has been proposed collecting images of
> 2,000,000 particles (of several 10 μm in size) per sample
in sediments, soils and dusts by a Sympatec GmbH QICPIC
particle size and shape analyzer. The morphological
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descriptors of each particle including equivalent diameter,
sphericity, aspect ratio and convexity were extracted as the
“particle morphome”, an outcome of the large data set (Sun
Y. et al., 2019).
Furthermore, light microscopy is often used as a prior
step to find a valid measurement position in spectroscopy
applications like Raman or fluorescence spectroscopy. The
combination of these techniques is rather common and
therefore not subject of this review.
Raman spectroscopy itself can be a valuable tool
for the analysis of the composition of a sample or the
identification of polymorphs of e.g. organic crystals in
pharmaceutical applications. A current trend in energy
conversion and storage is towards particles consisting of
three (e.g. chalcogenide such as CuInS2), four (kesterites
such as Cu2InZnS4) or even multinary components. The
same holds true for complex catalyst or advanced battery
materials. A particular challenge during synthesis is the
formation and identification of binary, ternary or quaternary by-products (see e.g. (Ahmad et al., 2017)). Statistical
composition mapping via Raman spectroscopy, supported
by atomic force microscopy (AFM) co-localization, is very
promising to study size-dependent composition in such
particulate products (Nacken T. et al., 2015).
The limitations of using solely light microscopy in
terms of particle projections can be overcome via the use
of digital holography (DH), which allows determining the
three-dimensional (3D) structure of micron-sized particles.
DH is based on interferometric imaging. As shown in
Fig. 4, interference patterns between diffracted light from
the object and a reference wave are formed. Sophisticated

Fig. 4 Reconstructed spatial intensity image obtained from a gold
nanorod covered with fluorophore, obtained via super-resolution
microscopy. The oval shows the dimensions of the particle obtained
via AFM (see inset). Scale bars are 50 nm, the colour coded heat map
indicates the spatial fluorescence intensity distribution. Reproduced
from (Willets et al., 2017) with permission from American Chemical
Society, Copyright 2017.
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image analysis allows to reconstruct intensity and phase
images, which can be transformed to yield 3D information
(Tahara et al., 2018).
The resolution of light-based microscopes is physically
restricted by the Abbe diffraction limit, which hinders single particle investigations of nano-sized objects by conventional light microscopy (Siedentopf and Zsigmondy, 1902).
The advent of super-resolution microscopy enhanced the
measurement range for fluorescent labelled samples. The
combination of other techniques with super-resolution
microscopy is possible, although most applications are
focusing on biological samples (Hauser M. et al., 2017).
An example for the use of super-resolution microscopy
for particle characterization is the determination of the
particle geometry of anisotropic plasmonic particles. The
single emission of the fluorophores that are attached to the
particle can be utilized to determine the shape and size of
the particle, as shown in Fig. 4. However, care needs to
be taken to avoid localization errors due to the interaction
of the fluorophore with the substrate or due to a changing
dielectric environment (Willets et al., 2017).

3.2 Computed tomography
Using illumination sources with smaller wavelengths
(electrons, X-rays, neutrons) considerably improves the
resolution. The spatial resolution of X-ray computed tomography (X-ray CT) can reach below 100 nm (Maire and
Withers, 2014) depending on the light source. Recently,
Leißner et al. reviewed the application of X-ray CT in
the field of particle technology (Leißner T. et al., 2020).
The technique relies on the spatially resolved detection
of the X-ray transmission of a sample. The 3D structure
of an immobilized sample can be reconstructed from the
detection of projections from different directions. Individual X-ray attenuations are assigned as grey values to
volume elements. These depend on the material density and
the average atomic number, which allows to distinguish
between different materials but may also exclude certain
materials or material combinations from thorough analysis
due to similarities or - in contrast - large differences in grey
values (Leißner et al., 2020; Ketcham and Carlson, 2001).
This limitation can be overcome with higher experimental
effort, by e.g. taking into account the energy- and material-specific attenuation of X-rays via hyperspectral X-ray
tomography (Egan et al., 2015). Stochastic modelling of
nD particle properties can further help to identify different
material classes from a X-ray CT experiment (Furat et
al., 2019). Correlations between particle composition and
characteristic particle properties like volume, sphericity or
the median grey value can be used to identify the 3D structure and material classes from an X-ray CT experiment.
Therefore, the authors calibrated their stochastic model via
scanning electron microscopy (SEM) – energy-dispersive
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X-ray (EDX) measurements (see Section 3.4). Particle
characterization of e.g. crystals via X-ray tomography can
be improved by utilizing models of particle shape. The
identification of the crystal’s face normals offers thus interesting options for the robust evaluation of size- and shape
distributions (Kovačević et al., 2014).

3.3 Atomic force microscopy
Atomic force microscopy (AFM) is a surface sensitive
technique based on tracking the oscillation and the position of a cantilever equipped with a nano-sized tip close
to the surface under investigation (Binnig et al., 1986).
Various measurement modes exist, which not only allow
the determination of the geometry of anisotropic particles
via evaluation of the sample topography but also provide
information on surface roughness or mechanical properties
and adhesion forces (Voigtländer, 2019).
The combination of AFM with other techniques denoted
as “Hybrid-AFM” provides access to additional information. Heating the sample at the measurement spot via an
infrared light beam of a defined wavelength and measuring
the heat-induced change in oscillation behavior of the cantilever enables measuring spectrally resolved infrared (IR)
absorption. This way, correlating the chemical composition
with topographic information is possible (Fu W. and Zhang
W., 2017; Dazzi and Prater, 2017). Similar information can
be obtained via a combination of Raman spectroscopy and
AFM (Fu W. and Zhang W., 2017). For the example of the
2D material graphene, both techniques are complementary.
While the lateral geometry of graphene sheets is easily
accessible by AFM, the measured height of the sheets
may be influenced by adsorbates at the surface. Using
complementary Raman spectroscopy allows accurately
determining the number of sheets (up to 5 layers) and their
defect states (Eigler et al., 2014; Nacken T. et al., 2015).
As the signals of both techniques are evaluated at the same
sample position by co-localization, true multidimensional
property distributions in terms of lateral sheet size and
number of graphene sheets (thickness) can be acquired.
This technique thus enables process optimization of the
production of 2D materials (Halbig et al., 2016)

too small for a reliable statistical analysis. In other words,
information on 2D distributions have to be taken with great
care due to the underlying scatter of data.
The detection of secondary or backscattered electrons
provides information on topography and composition. As
for other microscopy-based techniques, the combination of
imaging techniques with additional characterization methods can further enlarge the multidimensional dataset. SEMbased mineral liberation analysis can be used to determine
the projected 2D area of a mineral via SEM, while complementary EDX measurements allow the characterization of
the composition at the measurement position (Fandrich et
al., 2007). From the overlay of 2D EDX and SEM images,
equivalent circle diameters of particles can be calculated
together with their densities from the individual specific
mineral densities and EDX based area fractions. As a result
2D size and density distribution can be obtained, which allows analyzing e.g. separation processes in detail (Schach
et al., 2019).
Furthermore, mechanical particle properties can be
determined by mechanical testing directly in the SEM by
nano-compression. The set-up described in (Romeis S. et
al., 2012) allows to test several hundred particles for statistically reliable analysis (see Fig. 5 I). Elastic and inelastic
deformation of carefully deposited individual particles
allows to determine distributions of Young’s modulus,
yield stress, hardness, energy absorption or strain at the
onset of the crack formation. All these quantities can be

3.4 Electron microscopy
Scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) rely on the interaction of
probing electrons with the sample. Typically, topographic
or transmission images are used to determine the size and
geometrical anisotropy of individual particles. Characterizing a significantly large number of particles allows obtaining the 2D length and diameter distributions of particles,
see e.g. (Murphy et al., 2017; Elazzouzi-Hafraoui et al.,
2008). However, the number of counted particles is often

Fig. 5 (I) Nano-indentation of particles by a flat punch in an SEM, (II)
Au particles (1 μm) after defined compression, the red lines indicate the
particle shapes modelled by FEM. (I) adapted from (Paul J. et al., 2015b)
with permission from Elsevier, Copyright 2015, (II) reprinted from
(Paul J. et al., 2015a) with permission from Elsevier, Copyright 2015.
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investigated depending on size. Additionally, the influence
of further size-dependent properties such as the brittle-ductile transition of glass particles, different compositions or
internal structures can be studied (Paul J. et al., 2015b).
Furthermore, quantitative shape analysis is possible as
highlighted in Fig. 5 II, which shows gold particles of
1 μm in diameter for various states of compression and particle shapes obtained from finite-element-method (FEM)
simulation.
TEM uses higher energetic electrons than SEM enabling
the spatial material transmission (Fultz and Howe, 2008)
and provides thus access to the local particle structure. The
2D characterization of particles can be extended to three
dimensions by applying 3D tomography (Miao et al., 2016;
Song H. et al., 2019). This method relies on tilt series of
TEM images obtained after careful sample preparation
(Przybilla T. et al., 2018) as shown in Fig. 6 I or on TEM
images from freely rotating particles in a graphene based
liquid cell (Park J. et al., 2015). The obtained images are
used to reconstruct the 3D morphology including the inner
structure (Park J. et al., 2015), the inner porosity (Distaso

M. et al., 2017) or the exact position of any primary particle in self-assembled supraparticles (Wang J. et al., 2018)
as shown in Fig. 6 II. Therefore, this technique enables
obtaining vast information on the single particle level. Various other measurement techniques such as energy-filtered
TEM imaging, high resolution TEM imaging or diffraction
based modes, which allow chemical or structural analysis,
are available, but are beyond the scope of this review (Fultz
and Howe, 2008).

4. Gas phase measurements
In the following section, basic principles of multidimensional particle characterization in aerosols are presented.
Moreover, recent results for the determination of full 2D
mass-mobility distributions and additional 1D distributions
extracted from this data set are discussed.
An excellent possibility to analyze multidimensional
particle properties in a gaseous environment is the coupling
of different measurement devices like the differential mobility analyzer (DMA) with a subsequent measurement device. Examples are the combination of a DMA with a low
pressure impactor to obtain radius and mass simultaneously
(Schleicher et al., 1995), the simultaneous measurement of
mass, surface and mobility diameter of silver agglomerates
via coupling of DMA, inductively coupled plasma atomic
emission spectrometry (ICP-AES), epiphaniometer (EPI)
and condensation particle counter (CPC) (Weber A.P. et
al., 1991).

4.1 DMA and low-pressure impactor

Fig. 6 (I) Flow chart of preparative work required for a 3D TEM tomography based reconstruction of the particle morphology. Reproduced
with permission from (Przybilla T. et al., 2018) Copyright 2019, Wiley.
(II) (a–c): Bright field STEM images of a colloidal crystals. (d–e:) Reconstructed surface and inner structure. (f–h) TEM mimicking images
of the colloidal cluster. (i–j) external and internal cross-sectional views.
Reproduced from (Wang J. 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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One of the earlier works on the retrieval of 2D property
distributions from aerosol measurements was carried
out by Schleicher et al. The simultaneous determination
of size and density for submicron aerosol particles was
demonstrated for metal nanoparticles (Pd, Ag, Co), carbon
particles, oil droplets and oil burner exhaust (Schleicher et
al., 1995).
The measurement itself is a two-step process. First a particle fraction with a certain electrical mobility is selected in
a DMA, afterwards a low-pressure impactor classifies the
particles according to inertia. The combination of those two
devices allows to determine the particle density and mobility diameter of single particles. Prior to the DMA, the particle surface charge needs to be brought to charge equilibrium
via a 63Ni β− radioactive source. The applied electrical
field in the DMA leads to the separation of a mobilityselected particle fraction, which enters the low-pressure
impactor. The particle properties in the gas stream can be
estimated by a critical Stokes number. After calibration of
the two devices, the density for a previously mobilityselected particle regime is detected. It is possible to gain
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even more information by using a further classifying step
with a subsequent scanning measurement device for particle counting.

4.2 Tandem differential mobility analyzer
In tandem DMA systems, two DMAs are used in series,
whereby the properties of the particles exiting the first
DMA are manipulated before entering the second DMA.
Tandem DMA setups are used at least since the 1980’s
for aerosol particle analysis. Depending on the type of
manipulation performed on the particles that exit the first
DMA, different properties of the particles can be derived
from the second mobility analysis. One prominent type
of manipulation is heating of the aerosol. Heating allows
to determine the volume of metal particle aggregates by
sintering the aggregates to a spherical shape or removal of
organic material from particles which reveals properties on
particle chemical composition (Shin W.G. et al., 2010; Tsai
D.-H. et al., 2013).
The second prominent type of manipulation is the exposure of the particles to a different gas atmosphere that
interacts with the particles either in form of condensation
or chemical reactions (Wu et al., 2013; McMurry et al.,
1983). Such gas phase manipulations reveal the fraction
of hygroscopic particle material or the acidic material
fraction, respectively.

4.3 Atmospheric-pressure ion mobility mass
spectroscopy (IM-MS)
The outlined techniques in this section are related to
ion mobility mass spectroscopy approaches, which consist
generally of a two stage separation process. In the first step
ions or particles are separated according to electrical mobility, while in the second step separation occurs according
to the mass to charge ratio.
The development of atmospheric pressure mass analysis
(APM) added a strong analytical tool for the analysis of
aerosols (Ehara et al., 1996). The combination of a DMA
and an APM is capable to attribute (effective) densities to
particles as shown by McMurry for discrete particle sizes
classified by the DMA (McMurry et al., 2002).
Pratsinis and co-workers analyzed nanoparticle agglomerates of silica in a diffusion flame. Upon leaving the
flame, the agglomerates were classified with a DMA and
their mass was measured with an APM resulting in their
mass fractal dimension and dynamic shape factor while
SEM/TEM images were used to determine primary particle
diameters and agglomerate morphology. This combination
was used to study the effects of flame process variables on
particle characteristics in-depth (Scheckman et al., 2009).
Hogan et al. employed the DMA-APM combination to
measure well resolved 2D size-density distributions. In

their most recent publication (Li C. et al., 2020) it was
demonstrated how a full 2D size-mass distribution can
be obtained by ion mobility mass spectrometry and how
1D distributions can be derived from these datasets. The
method was applied to several standard particles, i.e.
polystyrene, latex and silica nanoparticles and porous mesostructured silica. In their setup, the aerosol is classified in
a DMA according to the electrophoretic mobility. Subsequently, the particles are analyzed via an APM and condensation particle counter (CPC). This combination leads to a
 2n
full 2D size-mass distribution function d m , with particle
p
p
diameter dp and mass mp. Notably, this quantity cannot be
[26]
measured directly but was obtained via the system transfer
function and data inversion algorithms (Li C. et al., 2020).
The schematic setup is shown in Fig. 7 along with the 2D
mass-diameter function, additional 1D data can be obtained
from this 2D function.
For structural characterization of even smaller species,
DMA classification can be combined with conventional
mass spectrometry. Based on molecular dynamics (MD)
simulations it is possible to attribute particle shapes to cluster ions (Ouyang et al., 2013). The observation of structural
changes in molecular conformation is beautifully demonstrated on electrosprayed PEG, see e.g. Fig. 8, which is
found in the gas phase in different - though very defined
- levels of deconvolution (Larriba et al., 2014; Larriba
and Fernandez de la Mora, 2012). These results show that
the lower limit of the combined DMA-mass analysis is
at the molecular level. Such analysis is though limited to
narrow distributions of shape for each observed species.
With broader shape distributions, different charge states,
in which a species is observed, become indistinguishable
Beside the characterization of the mass of particles,
access to the elemental composition of large particles is investigated since many years based on particle evaporation
by either laser pulses or inductively coupled plasmas and
mass analysis of the generated ions. A summary of such
approaches that intend to reveal chemical compositions of
particles is found in (Noble and Prather, 2000). While ICP
ionization was quite rare in early setups for single particle
mass spectrometry, this technology is on its way to a routine analysis today (Montaño et al., 2016). The access to
particle morphology and composition has been shown using coherent X-ray radiation from a free electron laser for
particle imaging and as ionization source (Loh et al., 2012).

4.4 Optical measurements
A cooperation between several universities and industrial partners in Germany demonstrated the benefits of multiparameter characterization approaches in the gas phase.
Therefore, three new devices have been developed (Babick
et al., 2018), which facilitate or support multidimensional
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Fig. 7 (I) DMA-APM-CPC system for the IM-MS measurements, (II) simulated bimodal porous nanoparticles distribution of SiO2 nanoparticles.
Adapted with permission from (Li C. et al., 2020). Copyright 2020 American Chemical Society.

Fig. 8

Gas phase structures for PEG. Adapted with permission from (Larriba and La Mora, 2012). Copyright 2012 American Chemical Society.

characterization of aerosols and are principally suited
for quasi-real-time measurements in technical processes.
These systems probe the optical scattering pattern of
single particles (laser light scattering in 3D, 3D-LSS) and
aerosols (wide angle light scattering, WALS) or determine
the aerodynamic diameter (or Stokes diameter) of finely
resolved aerosol fractions (differential aerodynamic par-
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ticle sizer, DAPS). The systems allow for a simultaneous
determination of particle size and shape (WALS, 3D-LSS)
or facilitate the rapid multiparameter characterization by
combined analysis with other techniques, e.g., DAPS and
differential electric mobility analysis (DEMA). For instance, the dynamic shape factor (obtained via e.g. DEMA
and DAPS) and the fractal dimension (via WALS) reflect
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the morphology changes of SiO2 aggregates in a sintering
furnace by increasing temperature. The two parameters are
not equivalent but provide complementary information on
shrinking and loss of fractal structure, respectively. Highly
resolved PSDs that refer to different particle properties, i.e.
to different equivalent diameters, facilitate the quantification of particle shape.
Two of these devices will briefly be introduced here,
namely, the 3D LSS and the WALS device. With the
first one it is possible to measure the spatially distributed
scattering signal of a single particle. In contrast to most
common laser scattering instruments, scattering signals
depending on the azimuth angle φ are detected too (see
Fig. 9), which allows for the measurement of anisotropic
nanoparticles (Babick et al., 2018). Possible particle sizes
for detection range from 500 nm up to 5 μm.
The second instrument, WALS, depicted in Fig. 10,
records scattered light signals over many angles (including
forward- and backscattering, but no azimuthal angles) in a
scattering plane with high resolution. This setup directly
measures the intensity distribution for different angles,
which is directly linked to particle size and the structure
of agglomerates (Babick et al., 2018). With these developments, the comprehensive multidimensional characterization of aerosol particles can be further improved.

of (nano) particles in numerous technical applications.
Often, detailed knowledge of the particle property space
is required for the determination and optimization of the
macroscopic properties of the dispersions. The choice of
analytic techniques depends upon the state of the (nano)

5. Characterization in the liquid phase
The comprehensive multidimensional characterization
of nanoparticle ensembles directly in the liquid phase is
of outmost importance for understanding the formation of
particles and their formulation including colloidal stability

Fig. 10

Fig. 9 (I) Detection scheme of the 3D LSS. (II) section of the spherical
measurement chamber. Adapted with permission from (Babick et al.,
2018). Copyright 2018, Wiley.

WALS scheme with optical components. Reproduced with permission from (Babick et al., 2018). Copyright 2018, Wiley.
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particles in the dispersion, the particles’ hydrodynamic
behavior as well as the functional particle property (e.g.
light absorption or emission).
Single particle counting is only possible for particles
larger than roughly half a micron. The application of super-resolution microscopy and its combination with other
techniques has been outlined in the respective chapter on
light microscopy. In the liquid phase, super-resolution
microscopy has also been used in order to characterize
dispersed particles. One example is the investigation of
particle wetting behavior at the oil/water interface depending on the particle geometry: single particles are immersed
in water containing a fluorescent dye; the distribution of the
dye within the liquid and on the particle surface is determined via super-resolution microscopy (Aloi et al., 2019).
Ensemble techniques are based on ultrasound attenuation, light extinction or emission measurement. Electroacoustic spectroscopy provides access to the particle
size distribution and the zeta potential even in opaque
dispersions up to 40 vol-% (Dukhin A.S. and Goetz, 1998;
Richter et al., 2005). Fractionating techniques like analytical (ultra-)centrifugation (AUC) or field flow fractionation
(FFF) require rather dilute systems but yield superior information on the entire particle ensembles.
Most techniques are well-established in literature and
have been extensively used in the past. However, their application with respect to multidimensional characterization
is still at an early stage although considerable progress
was achieved in recent years, examples are given in the
following sections.

5.1 Image analysis in the flow
In the first part, we briefly address commercial applications for the characterization of μm-sized particles. There
are existing commercial systems from Sympatec GmbH for
dynamic imaging techniques targeting particle systems in
the liquid phase, namely QICPIC and PICTOS. These can
be efficiently used in order to analyze particle sizes up to
several tens of millimeters through a flow setup and an automated image analysis algorithm (Sympatec, 2021). Malvern Panalytical Ltd combines image analysis techniques
with Raman spectroscopy in order to analyze particle size,
shape and chemical composition within one measurement
(Malvern, 2021).
Mazotti and coworkers described a method that uses
focused beam reflectance measurement in order to measure
particle size and shape on a 2D grid (Kempkes et al., 2008).
In particular, 2D growth rates are extracted from the measurements (Schorsch et al., 2014). In short, the suspension
is illuminated using a xenon-flash lamp. Two images are
recorded. The transmission image allows the analysis of
the planar view on the particles directly in suspension. The
reflection image contains information on the lateral view.
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For the determination of the nD PSD (i.e. axis length distribution), an automated image analysis algorithm is applied
for the sorting of the particles into distinct particle classes.
Each pair of projections is analyzed individually in order to
extract volumetric information from two orthogonal projections. Examples for the shape classes are spheres (1D,
the diameter as the characteristic length), needles (2D, cylinders with length and diameter) and cuboids (3D: length,
width, and height). The key of these studies is the accurate
extraction of particle dimensions from directly measured
and simulated images. A multidimensional PSD can be
reconstructed from the data and moments can be computed.
The group of Sundmacher developed a method to
identify face-specific crystal growth rates based on an
image analysis (Borchert et al., 2014). For this application,
the flow cell analyzer QICPIC from Sympatec GmbH
(Clausthal, Germany) was used in direct connection to a
crystallizer. The authors reconstructed 3D crystal shapes
from microscopic images with arbitrary orientations. A
schematic representation of their setup and methodology is
provided in the following figure. As nicely demonstrated in
the lower panel of Fig. 11, it was possible to determine 2D
PSDs of various particle shapes.

5.2 Laser diffraction
Laser diffraction (LD) also called laser diffraction
spectroscopy or static light scattering or is a powerful and
widely used technique to determine PSDs over a broad
size range. Early developments were implemented by
Leschonski and co-workers (Heuer and Leschonski K.,
1985) by retrieving the one-dimensional PSDs of aerosols
and particles in suspension. The technique is fast, precise,
and cost efficient when compared to other characterization
techniques. Eshel et al. critically evaluated the application
of LD for the analysis of particle size distributions (Eshel
et al., 2004).
The influence of particle shape on the measured PSD
has been thoroughly investigated by the Scarlett group and
others, see for instance (Ma et al., 2001; Eshel et al., 2004;
Matsuyama and Yamamoto, 2005; Kang et al., 1994).
Furthermore, 1D equivalent diameter distributions were
measured for platelets and rods by calculating Fraunhofer
diffraction patterns for arbitrary polyhedron particles
(Heffels et al., 1996). Recently, a detailed analysis of LD
of anisotropic particles was published providing information on particle orientation. Micropillars with elliptical
cross-sections were used to determine the dependence
between the spatial orientation of elongated particles and
changes in the PSD (Font-Muñoz et al., 2020).
The angle-dependent intensity of scattered light can be correlated with the fractal dimension of aggregates comprised
of a large number of primary nanoparticles. For the case
of hematite aggregates, LD could be used to determine the
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5.3 Dynamic light scattering
Dynamic light scattering (DLS) is a well-established
technique, which has been extensively used for the characterization of nanoparticle dispersions (Xu R., 2015). In
short, DLS allows for a temporal analysis of the scattered
signal decay due to Brownian movement of nanoparticles
in a suspension (Berne and Pecora, 2000). This approach
is frequently applied in order to measure the translational
diffusion in colloidal systems, which can be exploited to
calculate the hydrodynamic diameter and the respective
hydrodynamic diameter distribution via the StokesEinstein relation close to infinite dilution. At higher concentration, concentration-dependent diffusion properties
can be extracted as well.
Moreover, there are approaches for the extraction of
more than a single parameter from DLS measurements.
For non-spherical particles, e.g. in the case of nanorods,
the additionally occurring rotational diffusion can be
separated into two parts, namely tumbling and spinning
motion around the symmetry axis of the nanorods. The
orientation-averaged rotational diffusion coefficients can
be extracted from DLS measurements together with the
translational one by analyzing the differently polarized
components of scattered light (Berne and Pecora, 2000;
Glidden and Muschol, 2012). The translational diffusion
coefficient DT and the rotational diffusion coefficient DR
can be retrieved from the decay times of the scattering
intensity (Berger Bioucas et al., 2019)
Fig. 11 (I) Shape distribution with sketches of representative shapes
for each region. (II) Estimated distribution on the basis of synthetic
images from which Fourier descriptors are extracted and used to match
it with the closest entry in a precomputed database. Adapted with permission from (Borchert et al., 2014). Copyright 2014 American Chemical
Society.

fractal dimension of differently aggregated structures. High
fractal dimensions could be correlated with slow (“reactionlimited”) aggregation, while loose tenuous aggregates were
found within the diffusion-limited aggregation regime
(Raper and Amal, 1993). In an application example from
the papermaking process, flocculation dynamics and the
stability of floc against shear stress could be monitored
for different polymer additives using LD. In particular,
the influence of the floc structure on the stability could be
assessed via the determination of the fractal dimension of
the flocs (Rasteiro et al., 2008). Further information on
LD of aerosols can be found in the reviews by Sorensen
(Sorensen C.M., 2001; Sorensen C.M. et al., 2018).

τ C,T  DT q 2 
τ
(12)
C,mix

1

 DT q 2  6 D R   1

(12)
(13)

τC,T(13)
is the mean decay time associated with translation
diffusion and τC,mix is the mean decay time associated with
translation and rotational diffusion. The scattering vector
is %%%%%%%%%%%%%%%%%%%%%%%%%%%%
q. In particular, polarized DLS in a heterodyne detection
scheme was shown to provide the orientation-averaged
translational and rotational diffusion coefficients of gold
nanorods in a single experiment (Berger Bioucas et al.,
2019). The scattering geometry of the detection reduces
multiple scattering effects and thus allows lower laser
powers and hence reduced laser heating. This was demonstrated for non-transparent dispersions of gold nanorods
dispersed in water and in water-glycerol mixtures (Berger
Bioucas et al., 2019). Furthermore, from translational and
rotational relaxation times, Glidden and Muschol derived
an approach for directly obtaining particle dimensions of
gold nanorods in the case of narrowly distributed samples
(Glidden and Muschol, 2012), which was confirmed by
confirmed by auxiliary TEM analysis.

15

Uwe Frank et al. / KONA Powder and Particle Journal No. 39 (2022) 3–28

5.4 Ultrasonic and electro-acoustic spectroscopy
The particle mass concentration and the PSD of suspended particles can be analysed by means of ultrasonic
measurements. As the interaction of suspended particles
and ultrasonic waves changes the sonic velocity as well as
the extinction of sound waves, the changes of the frequency
of the ultrasonic extinction can be evaluated in order to
determine PSDs. The accessible particle sizes range from
10 nm up to 1 mm, which depends on the particle properties and the experimental setup (Riebel and Löffler, 1989).
Electroacoustic spectroscopy was pioneered by O’Brien
(O’Brien, 1988) and Dukhin (Dukhin A.S. and Goetz,
2001). Electroacoustic spectroscopy deals with the interaction of electric and acoustic fields. In particular, it allows
to measure the zeta potential of particles even in dense
suspensions (O’Brien, 1988). The combination of both
ultrasound sound absorption with electroacoustics provide
the unique opportunity to characterize concentrated dispersions, emulsions and microemulsions in their natural
state. Concentrated systems can reliably be measured with
concentrations ranging up to 45 vol.-% (Dukhin A.S. and
Goetz, 2001).
The combination of these techniques is extremely valuable for the characterization of colloidal stability without
dilution and thus for the formulation of dispersions. Here
we cite only one example from our own work. The simultaneous measurement of PSD and zeta potential paved
the way to break the technical grinding limit around half
a micron, which was postulated by Jimbo (Jimbo, 1992).
Agglomeration during grinding in stirred media mills
could be avoided by inline control of the particle stability
in electrostatically stabilized dispersions. This way, the true
grinding limit could be identified and clearly distinguished
from an apparent grinding limit, which is the equilibrium
of breakage and agglomeration. Nanomilling down to only
10 nm for refractory materials such as alumina and zirconia
became thus possible (Stenger et al., 2005; Knieke et al.,
2011), depending on the defect structures in the particles.
So far, the defect structures in particles are largely unknown
and remain a “universe inside” to be explored in future.
The strength of electroacoustic measurements can be
extended to the determination of charge effects within
pores. Electroacoustic measurements of the seismic electric
current generated by ultrasound in wetted porous materials
yield information on pore size distributions. This effect
occurs when electric double layers inside the pore overlap
or when the pore size is sufficiently large that for a given
frequency the hydrodynamic flow cannot achieve a steady
Poiseuille profile inside of the pores (Dukhin A. et al., 2013).

5.5 Small angle X-ray and neutron scattering
Li, Sensi and Lee published an extensive review on
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small angle X-ray scattering (SAXS) for nanoparticle research (Li T. et al., 2016). In short, the scattering behavior
of a single particle depends on its geometry as well as on
its surface properties (Hofman et al., 1993). Therefore,
SAXS is a suitable method to characterize particle size and
anisotropy. The measured intensity profile of a sample is
the superposition of all particle scattering intensities and
additionally influenced by the sample structure. Therefore,
the analysis of disperse properties of nanoparticles via
SAXS requires assumptions regarding size or shape. Typically, a suitable type of distribution must be chosen for the
retrieval of particle size distributions. (Li T. et al., 2016).
As the intensity profile also depends on the particle
shape, SAXS can also be used for the characterization
of particle anisotropy. This was visualized for ellipsoids
and cylinders in literature (Li T. et al., 2016) based on the
Guinier-Porod model (Hammouda, 2010). However, it is
not possible so far to determine full 2D PSDs solely from
SAXS profiles due to the ill-posed inversion problem for
the deconvolution of the scattering curve. A combination
with other techniques can help to overcome this limitation.
Hubert et al. were able to determine the growth dynamics
of length and diameter of gold nanorods via SAXS based
on prior information on the 2D PSD of the particles obtained by TEM (Hubert F. et al., 2012). Similar restrictions
hold also true for Grazing Incidence Small Angle X-ray
Scattering (GISAXS). This method allows the versatile
characterization of nanostructures and thin films. To unravel its full potential for the investigation of the spatial
organization, the depth profile or the morphology of the
sample, the use of synchrotron radiation source is beneficial (Müller-Buschbaum, 2009; Renaud et al., 2009).
Another small angle scattering technique is small angle
neutron scattering (SANS). In these experiments, neutron
radiation is monitored in order to extract information about
the particle size or shape. Further details on this technique
have been provided by Blazek and Gilbert, focusing on the
application of SAXS and SANS to the characterization of
organic structures (Blazek and Gilbert, 2011). Strunz et al.
characterized Ni3Si-type nanoparticles by SANS. Combining
TEM and SANS, it could be demonstrated that an amor
phous shell forms on the particle core (Strunz et al., 2007).
In another example, SAXS and SANS have been combined. Core size and shell properties of ZnO quantum dots
with a size below 6 nm were characterized by Unruh and
co-workers by a combination of SANS and SAXS for the
same sample. The X-rays provide information on the core
of the nanoparticles due to the fact that X-rays are scattered
at the electrons of the core atoms, while the neutrons are
scattered at the cores of the organic shell atoms. These
results were in excellent agreement with the nanoparticle
analysis via analytical ultracentrifugation (AUC) and
allowed to monitor changes of the shell during the ripening processes as a function of temperature (Schindler et
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al., 2015). Moreover, gold nanorods in aqueous solution
were characterized by a combination of SAXS and SANS
alongside TEM measurements. Based on these results, a
direct measurement of the thickness of the surfactant layer
CTAB on the surface of the gold nanorods was derived
(Gómez-Graña et al., 2012).

5.6 Field flow fractionation
Throughout FFF an external field is applied to a suspension flowing through a narrow channel. The laminar
parabolic flow velocity profile in the channel induces faster
particle transport in the middle of the channel. The external
field acts perpendicular to the flow, whereby the interplay
of acting drag and field forces leads to a separation of particles in field direction. With the different particle velocities
present, particles elute from the channel at different times
and position in dependence of particle properties and the
applied external field. FFF is subdivided into e.g. thermal,
centrifugal, gravitational and asymmetric FFF (Baalousha
et al., 2011). In particular, centrifugal FFF has recently
been applied to separate silica nanoparticles and to determine number-based PSDs (Kato et al., 2019).
A step towards the determination of nD PSDs was
conducted by Cölfen and coworkers. The authors studied
asymmetric field flow fractionation (AF4) coupled to a
multiple laser light scattering detector (Schmid et al.,
2018). AF4 was used to measure diffusion coefficient
distributions based on peak broadening corrected by a new
algorithm, which uses diffusion coefficient distributions
instead of a single mean diffusion coefficient. With this,

it was possible to obtain a hydrodynamic diameter distribution with increased resolution. Further evaluation of the
scattered light by deconvolution of the detector signals
allowed calculating the corresponding molecular weights
of formerly not properly separated signals. Their results
are summarized in the Fig. 12. While FFF has shown to
be a powerful method for the determination of pairs of two
different parameters, the determination of full 2D PSDs is
yet to be demonstrated.
AF4 was coupled with single particle inductively coupled plasma mass spectrometry (spICP-MS). spICP-MS
is an emerging technique with respect to nanomaterial
characterization as outlined in detail in (Mozhayeva and
Engelhard, 2020). Degueldre et al. presented the underlying theoretical background of spICP-MS for characterizing
nanoparticle dispersions (Degueldre et al., 2004), while
Pace et al. presented a detailed study with a focus on
sizing of nanoparticles (Pace et al., 2011). With this, the
particle mass diameter distributions of silver nanoparticles
were measured. Notably, the detector system of the MS
analyzer requires a transfer into a carrier gas. So far, these
methods yield a particle mass diameter distribution. The
main advantage of spICP-MS is the discrimination of the
nanoparticle based on elemental composition, whereas
many current characterization techniques are unable to differentiate between different types of nanoparticles. Further
classification prior to spICP-MS analysis is necessary to
distinguish between particles with the same composition
(Pace et al., 2011).
The complex issue of fractionation prior to spICP-MS
was directly addressed in (Huynh et al., 2016). The authors

Fig. 12 Hydrodynamic radius distribution (Ri) and the respective molecular weight (MW) of the analysed species as retrieved from a FFF measurement after deconvolution with varying number of algorithm iterations (It). Adapted with permission from (Schmid et al., 2018). Copyright 2018
American Chemical Society.
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Fig. 13 Representative contour plot result of an AF4-spICP-MS
analysis of a suspension containing 40 (571 ng/L), 60 (2.39 μg/L), 80
(5.25 μg/L), and 100 nm AgNPs (10.0 μg/L). Adapted with permission
from (Huynh et al., 2016). Copyright 2016 American Chemical Society.

combined AF4 with spICP-MS to solve the current limitations of conventional ICP-MS or spICP-MS. This setup
uses the advantages of two orthogonal characterization
techniques based on different physical principles in order
to simultaneously provide both mass and hydrodynamic
diameters of the detected nanoparticles yielding a full
2D PSD. From this information relevant and otherwise
hardly accessible properties such as layer thickness and
aggregation states of nanoparticles can be obtained. AF4spICP-MS was capable of measuring Ag NPs from suspensions, fractionating polydisperse AgNPs (see Fig. 13),
and distinguishing AgNPs from Ag-SiO2 NPs with similar
Ag mass. One limitation of the method still is the quantification of defined nanoparticle sizes in heterogeneous
samples.

5.7 2D analysis by analytical ultracentrifugation
Over decades, AUC was mostly used in the biomedical
field with a few exceptions for the analysis of colloidal systems (Planken and Cölfen, 2010; Karabudak and Cölfen,
2016). Due to recent progress in the development of new
detector systems, AUC can be considered as gold standard
due to its unprecedented accuracy, reproducibility and
resolution in a large range of applications (Walter J. et al.,
2014; Karabudak et al., 2016; Pearson et al., 2018; Wawra
et al., 2019).
In AUC experiments, the sedimentation of nanoparticles
is tracked under the influence of a centrifugal field directly
in the liquid phase with the use of an optical detection system. The temporal and radial evolution of the concentration
profiles allow for the extraction of sedimentation (s) and
diffusion coefficients (D) alongside their associated optical
properties. Available detection systems allow combining
extinction and fluorescence spectra with hydro- and thermodynamic properties (Uchiyama et al., 2016; Wawra et
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al., 2019). While sedimentation and diffusion depend both
on size and shape of the particle, the particle density further
influences the sedimentation process.
As AUC measurements provide combined information
on sedimentation, diffusion properties and optical properties for small particles, multidimensional information can
be obtained from a single experiment. Carney et al. used
the combination of s and D to study the particle size and
particle density distribution (Carney et al., 2011). For the
case of spherical core-shell gold nanoparticles, the sedimentation and the diffusion coefficient depend on size and
density. Therefore, it was possible to determine the core
diameter distribution alongside the shell properties of the
polydisperse core-shell gold nanoparticles. The results are
illustrated in Fig. 14 and were validated by auxiliary TEM
analysis.
Furthermore, Nontapot et al. analyzed core-shell silica
nanocrystals terminated with cyclohexane or allylamine
via AUC (Nontapot et al., 2013). In their work, the effective
particle density was determined by measuring the sedimentation properties of the nanoparticles in different solvents.
Based on these results, the shell thickness could be calculated, which provided the effective 1D PSD in agreement
with the data from other nanoparticle characterization
techniques, namely DLS and TEM. Demeler et al. further
addressed the issue of analyzing core-shell nanoparticles
(Demeler et al., 2014). Their work demonstrated a powerful data evaluation tool, which is implemented in the
UltraScan-III software. With this, it was possible to determine the effective density and molar mass for CdSe and
PbS QDs from a single AUC experiment.
Thajudeen et al. (Thajudeen T. et al., 2017) combined
the measured sedimentation coefficients from AUC in
liquid phase and electrical mobility measurements from the
combination of DMA and CPC in the gas phase via transfer
of the nanorods from the liquid to the gas phase by an
advanced electrospray technique (Lübbert and Peukert W.,
2018). This work demonstrated that it is possible to determine mean values of length and diameter for Au and ZnO
nanorods by combining the two techniques, as mobility
diameter and sedimentation coefficients depend differently
on the geometry of the rods. The results were validated by
auxiliary TEM and SEM analysis. While this is a powerful
technique for the description of this system, the measurement of a full 2D PSD was not yet possible.
Analytical centrifugation (AC) is an emerging technique
for nanoparticle characterization (Detloff et al., 2007),
which is more easily applicable than AUC, less expensive
and delivers high sample throughput by parallelization of
up 12 samples in one run. Interestingly, software tools for
the comprehensive determination of PSD from AUC data
have been transferred to AC (Walter J. et al., 2015). This
step significantly enhanced the precision of the obtained
distributions in particular for heterogeneous samples.
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Fig. 14 (I) 1D sedimentation coefficient distribution (black) with TEM PSD (dashed red); (II) 2D sedimentation and diffusion coefficient distribution
obtained with AUC of polydisperse gold nanoparticles. Reproduced with permission from (Carney et al., 2011) under the terms of the CC BY-NC-SA
3.0 license. Copyright: (2011) The Authors, published by Springer Nature.

Moreover, the recent development of sector-shaped centerpieces for AC experiments enabled the measurement
of a full diffusion-corrected sedimentation coefficient
distribution. With this, it is possible to determine the hydrodynamic diameter distribution and the core-diameter
distribution of gold nanoparticles alongside the stabilizer
shell thickness of 3 nm only (Uttinger et al., 2020).

5.8 Analytical ultracentrifugation: optical back
coupling
A very promising technique for the characterization
of plasmonic nanoparticles is the Optical Back Coupling (OBC) method (Wawra et al., 2018), which allows
obtaining number-weighted 2D PSDs. Therefore, the
sedimentation of particles within an AUC is tracked via a
multiwavelength detector. This allows deducing sedimentation coefficient distributions for many different detection
wavelengths. In return, extinction spectra can be extracted
for defined intervals of the sedimentation coefficient
distribution enabling to correlate the mean sedimentation
coefficient of the respective interval with the spectra of the
particles exhibiting these defined sedimentation properties,
as shown in Fig. 15 for gold nanorods.
As the spectra of the gold nanorods as well as the
sedimentation coefficients depend on the geometry of the
particle, the combined optical and hydrodynamic informa-

Fig. 15 (I) Cumulative sedimentation coefficient distribution at a
wavelength of 480 nm with indicated separation in sedimentation coefficient intervals. (II) Spectra for selected intervals with associated mean
sedimentation coefficient. Reproduced with permission from (Wawra et
al., 2018) under the terms of the CC-BY 4.0 license. Copyright: (2018)
The Authors, published by Springer Nature.

tion can be used to deduce length and diameter alongside
the particle concentration. Therefore, the extracted spectra
are analyzed using different optical models under the
constrain of the interval’s mean sedimentation coefficient.
The length, diameter, aspect ratio, volume, surface and
cross-sectional distributions can be readily obtained from
these results. As the technique can be extended to other
nonspherical plasmonic particles and can be used for determining relative amounts of particles of different shapes,
it provides complete and quantitative insights into such
particulate systems.
An exemplary 2D measurement is depicted in Fig. 16
I. The displayed TEM inset shows very good agreement
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Fig. 16 (I) 2D PSD of a gold nanorod sample obtained using the Mie-Gans model. The axes correspond to length and diameter, while the heatmap
indicates the distribution value. The inset shows results from TEM analysis. (II) Comparison of the 1D cumulative length and diameter distributions
from TEM data and AUC for different optical models (Mie-Gans, FEM finite element methods, LP analytical longitudinal polarization model, which
only considers polarizations along the length axis of the gold rod). Adapted with permission from (Wawra et al., 2018) under the terms of the CC-BY
4.0 license. Copyright: (2018) The Authors, published by Springer Nature.

of OBC and TEM. An even better comparison is possible
via the 1D length and 1D diameter distributions. Eq. 4 can
be used for the calculation of the reduced 1D distributions
from the 2D PSD, integration leads to the cumulative distributions. All used optical models show excellent agreement
with TEM statistics, see Fig. 16 II, which emphasizes the
accuracy and potential of the OBC method for 2D characterization of plasmonic nanoparticle ensembles.
In addition to advances in the data analysis of plasmonic
nanoparticle ensembles, a multi-wavelength emission detector has recently been developed for AUC (Wawra et al.,
2019). These hardware developments significantly enlarge
the measurement window of AUC for the detection of
size-dependent emission properties of nanoparticles.

6. Conclusions
Modern particle systems are associated with a wide
range of applications. The necessary functionality of micro- and nanoparticle systems is a direct result of the five
dimensional parameter space that is defined by particle
size, shape, surface, structure, and composition.
In the first part of this review, we provided the mathematical background for the comprehensive description of
particle property distributions. These concepts extent the
well-known 1D PSD to a multidimensional description of
particle property distributions. In particular, it was shown
how to calculate 1D distributions from 2D property distributions.
While the determination of 1D PSDs is well established,
the direct retrieval of nD PSDs is a challenging task but
necessary next step towards the control of the full particle
property space. Recent progress in the description and
characterization of multivariate particle property distributions is summarized.
Well-established techniques such as light microscopy,
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SEM and TEM or AFM allow for the retrieval of 2D projections of particles while more advanced 3D tomography
provides full 3D information. Moreover, correlating the
chemical composition with topographic or geometric
information is possible by coupling spectroscopic measurements with AFM co-localization. However, most of
these techniques, are very tedious, time-consuming and
require complex sample handling. Moreover, the results
are typically associated with the common problem of poor
statistics. For nD PSDs, large sample numbers are required.
Early works for the determination of 2D property
distributions were conducted for aerosols. The coupling
of different measurement devices like the DMA with a
subsequent device allows to determine nD property distributions. This has been demonstrated by coupling DMA and
inductively coupled plasma atomic emission spectrometry,
epiphaniometer, CPC and MS, for instance.
For μm-sized particles dispersed in the liquid phase,
there are several techniques for nD characterization by
image analysis in flowing systems. These are applied in
order to investigate crystal growth kinetics in situ. Wellestablished scattering techniques such as DLS, SAXS or
SANS allow for extracting information on the particle size
and shape directly in liquid phase.
Fractionating techniques, such as FFF and A(U)C
bear the advantage of particle separation prior to their
detection. This enables the detailed analysis of individual
fractions of an entire particle ensemble. In particular,
AUC was successfully applied for a 2D analysis of coreshell nanoparticles by the analysis of sedimentation and
diffusion properties. Recently, novel approaches were
demonstrated for the coupling of optical and hydrodynamic
properties of plasmonic nanoparticles in combination with
a multi-wavelength detector to analyze number-weighted
2D dimensional distributions of diameter and length of
gold nanorods.
In summary, our review discusses advances and
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experimental possibilities to characterize particle ensembles with respect to nD property distributions. Few
techniques are available, which deliver multidimensional
particle properties directly. As the complexity continues
to increase, further method development is required. We
foresee that clever combinations of several techniques will
allow to shed light on the complex multiparameter space of
fine particle systems. As often in science, progress strongly
depends on our ability to “see” what is going on, i.e. advances in multidimensional particle characterization are
mandatory for the further development and full exploitation of particulate products of high-added value.
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The Sevilla Powder Tester: A Tool for Measuring the Flow
Properties of Cohesive Powders at High Temperatures †
Rahma Gannoun, José Manuel Pérez Ebrí, Alberto T. Pérez and José Manuel Valverde *
Facultad de Física, Universidad de Sevilla, Spain

Abstract
Understanding the flowability of cohesive powders at high temperature is of great importance for many industrial
applications where these materials are handled at harsh thermal conditions. For instance, the Calcium-Looping
(CaL) process, involving the transport, storage and fluidization of limestone powders at high temperature, is being
considered nowadays as a promising technology for thermochemical energy storage (TCES) in concentrated
solar power plants (CSP). In this context, the High Temperature Seville Powder Tester (HTSPT) is presented in
this work as a useful tool to analyze how the flow behavior of cohesive powders changes with temperature. The
manuscript reviews the main results obtained so far using this novel apparatus. The change of powder cohesiveness
and therefore of powder flowability as depending on temperature, particle size, material properties and nanosilica
surface coating is illustrated.
Keywords: calcium looping (CaL), HTSPT, flowability, thermochemical energy storage (TCES), fluidization

1. Introduction
The calcium looping (CaL) process has been widely
investigated as a 2nd generation technology to capture CO2
from fossil fuel power plants with already proven high efficiency in large scale pilot plants (1–2 MWh) (Barker, 1974;
Blamey et al., 2010; Chacartegui et al., 2016; Kierzkowska
et al., 2013; Prieto et al., 2016; Valverde, 2013). The CaL
technology benefits from the abundance, low price and lack
of toxicity of natural CaO precursors such as limestone
and dolomite that can be used as raw material. Basically,
the CaL process relies on the reversible calcination/
carbonation reaction
CaCO3 (s)  CaO (s) + CO2 (g)
H r0  178 kJ/mol

(1)

During the exothermic carbonation reaction, solid CaO
particles
react in a fluidized bed reactor at approximately
(1)
650 °C with the flue gas containing a small concentration
of CO2 (around 15 % vol). The carbonated particles are
then taken to a fluidized bed calciner where the endothermic decomposition of CaCO3 takes place to regenerate the
CaO at temperatures above 900 °C in a high CO2 concen†
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tration environment (Valverde, 2013; 2015). More recently,
the CaL process has been the subject of several studies
to store energy in concentrated solar power (CSP) plants
(Chacartegui et al., 2016; Paksoy, 2007; Pardo et al., 2014).
Currently, small scale pilot plants are under development
showing promising results (Cordis, 2020).
Due to the growing need to employ green renewable
energy, the massive deployment of CSP plants has come
up as an affordable and highly efficient solution for electricity generation at large scale. However, the efficiency of
CSP plants is hindered by the intermittence of solar direct
radiation which leads to an unbalance between electricity
production and demand. Thermal energy storage (TES)
technologies allow releasing thermal energy to generate
electricity when is required by means of heat storage
materials, thus solving shortcomings and discontinuity
issues. A major challenge to minimize the cost of CSP with
storage and enhance its efficiency is to select adequate
thermal energy storage system. Based on different factors,
energy storage technologies are classified as sensible heat
storage (SHS), latent heat storage (LHS), and thermochemical energy storage (TCES) (Hall and Hausz, 1979).
Sensible heat storage stores and releases sensible heat by
means of a change in the temperature of the material used.
Synthetic oils, molten salts, liquid metals and concretes
are the main sensible heat storage materials employable
in CSP. Characterized by their high specific heat capacity,
relatively low cost and acceptable safety, molten salts
are being currently employed in commercial CSP plants
(Fernández et al., 2014; Sang et al., 2015; Wu et al., 2017;

Copyright © 2022 The Authors. Published by Hosokawa Powder Technology Foundation. This is an open access
article under the CC BY license (https://creativecommons.org/licenses/by/4.0/).
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Zhang et al., 2013). However, below temperatures around
200 °C, molten salts solidify, which requires keeping the
whole circuit above this melting temperature even during
prolonged periods of absence of solar direct solar radiation.
In addition, above temperatures ~560 °C, molten salts
degrade whereas the temperatures achievable at CSP plants
with tower technology are around 1000 °C. Thus, the use
of molten salts for power generation burdens the potential
efficiency of CSP plants for power production. Moreover,
molten salts are corrosive particularly at high temperature
which requires the use of special equipment and therefore
leads to high maintenance costs (Dunn et al., 2012; Ortega
et al., 2008).
Latent heat storage or phase-change energy storage is
based on the heat stored and released when the material experiences a phase change (evaporation, melting, crystallization etc.). The choice of phase change materials (PCMs)
intended for TES applications needs to meet some suitable
features: kinetic, physical, chemical, thermodynamic and,
of course, economic affordability. Solid-liquid PCMs are
the most used ones in research projects under development.
Yet, these materials release low latent heat and only in the
limited range of temperatures wherein phase transition
occurs. In addition some significant drawbacks are their
generally low thermal conductivity, phase separation,
expensive maintenance costs, and also low operating temperature ranges (up to ~90 °C) (Herrmann and Kearney,
2002; Pintaldi et al., 2015; Sharma et al., 2009).
In this context, thermochemical energy storage (TCES)
is considered as a promising technology for energy storage
in CSP systems (Abedin, 2011; Cabeza et al., 2012; Paksoy,
2007; Tatsidjodoung et al., 2013), as demonstrated by the
growing number of reviews published in the last years
on this technology which is currently under development
(André et al., 2016; Barker, 1974; Carrillo et al., 2019; Gil
et al., 2010; Mahlia et al., 2014; Pardo et al., 2014). TCES
relies on the storage/release of heat via reversible chemical
reactions (Carrillo et al., 2019; Dinçer and Rosen, 2010).
The most relevant advantages of TCES include the possibility of long term heat storage, high stored energy density,
small energy loss and the suitability to operate at very
high temperatures (up to 1000 °C or above (Abedin, 2011;
Cabeza et al., 2012; Tatsidjodoung et al., 2013). Among the
diverse options investigated for TCES a major candidate
is the CaL process. Besides of the low cost, abundance
and lack of toxicity of limestone used as raw material, a
particularly relevant advantage of the integration of the
CaL process in CSP plants is that the CaCO3 calcination
temperature fits in the range of temperatures attainable at
the receiver of CSP plants with tower technology (Pinel et
al., 2011).
A possible technique for operating the CaL process in
CSP plants is to use fluidized bed reactors albeit other
type of reactors such as falling particle, entrained flow and
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centrifugal particle reactors that might be better integrated
in solar receivers are being investigated (Cordis, 2020;
Esence et al., 2020; Karasavvas et al., 2020; Lisbona et
al., 2020; Sarrion et al., 2016; Tesio et al., 2019; 2020),
CaCO3/CaO solids to be employed in the CaL-CSP integration would preferably be in the form of fine powders
to mitigate reaction rate limiting mechanisms such as pore
plugging (Benitez-Guerrero et al., 2017) that might hinder
the process at the most favorable operating conditions for
the CaL-CSP integration (Hanak et al., 2015). As it is wellknown from experience, the lack of material flowability
may be a serious issue in industrial applications where
fine powders are employed due to their high cohesiveness,
which can be enhanced even further at high temperatures
(Chirone et al., 2020; Lettieri et al., 2000; Macrì et al.,
2017; Tomasetta et al., 2011). The Sevilla Powder Tester
(SPT) has proven itself as a reliable and accurate device for
the characterization of cohesive powders (Barletta et al.,
2019; Castellanos, 2005; Castellanos et al., 2004; Chen et
al., 2009; Valverde et al., 2000; Zafar et al., 2015). Recently,
it has been upgraded to be used at high temperatures. The
present manuscript aims to present a detailed description
of the so-called High Temperature Sevilla Powder Tester
(HTSPT). We review the main results recently obtained by
means of this novel setup, with a special focus on the effect
of temperature on the tensile yield strength of fine powders
as depending on particle size, surface coating and material
properties.

2. A brief critical review on powder
flowability testers
Exhaustive research has been conducted with the aim
of exploring relevant techniques to assess the ability of
powders to flow (Schwedes, 2003). Here we summarize
the main methods envisaged from a critical comparative
analysis.
One of these methods, as described in the book of the
American Society for Testing and Materials Standards
(ASTM, 1978), is based on measuring the time required by
a certain amount of powder to discharge through a hopper.
Hall and Cutress (1960) showed that this technique can
be useful for metallic powders. An external energy source
should be provided to enhance the flow for very cohesive
powders, which introduces uncertainty to the results. A
rheometer composed of shear heads, blades and pistons is
another tool to evaluate powder flowability. To measure
the rotational and axial forces, the components of the setup
are rotated and stirred in the axial direction. A detailed
description of the setup can be found in (Freeman, 2004).
The reliability of these testers is somewhat compromised
due to the lack of reproducibility. For instance, the history
of the powder is dependent on the filling procedure, the
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applied load, the device used and the working conditions
(Castellanos et al., 2004).
At the microscopic level, interparticle contact forces
are ultimately the main drive for powder flowability
(Quintanilla et al., 2001a). Thus, the direct measurement of
these forces is the best method to understand the physical
mechanism that governs powder flow behavior. Shimada
et al. (2002) conceived an instrument to directly measure
adhesive contact forces between particles or between a
plane surface and a powder sample. This study concerned
organic powders (potato starch, lactose and cornstarch). An
advantage of the device is that it can handle fine and very
cohesive particles (even below 10 μm in size). Thereafter,
by means of a camera or microscope, it analyses the adhesion force for a selected individual particle. They compared
the obtained results with those found by another direct
method (the centrifugal method) based also on a postprocess image analysis of powder avalanches in a rotating
drum (Lüddecke et al., 2021; Quintanilla et al., 2001b). The
authors confirmed that both methods agree qualitatively.
Unfortunately, these techniques do not allow to control
the stress state of the powder that greatly impacts the
contact forces (Quintanilla et al., 2001a). In this context,
Quintanilla et al. (2001a) employed an atomic force microscope (AFM) to determine the adhesion force between
irregularly shaped particles of xerographic toners. The load
force previously applied on the individual particles can be
accurately controlled through this technique. Comparing
their findings with the interparticle forces estimated from
measurements of the bulk stresses in the Seville Powder
Tester (SPT) (Castellanos et al., 2004), they reported an acceptable agreement. However, it should be highlighted that
the results on the forces directly measured using the AFM
technique showed a large degree of dispersion, which was
attributed to the critical dependence of the adhesion contact forces to the highly variable local surface properties
(Castellanos, 2005; Castellanos et al., 2004).
Recently, Marchetti and Hulme-Smith (2021) investigated the flowability of 11 metal powders with different
properties and particle size distributions employing six
different testers. The ability of the powders to flow was
determined by means of diverse indicators such as the
flow rate, Hausner ratio, basic flowability energy (BFE),
compressibility (CPS), major principal stress (MPS),
angle of internal friction (AIF), flow factor (FF), angle
of repose, specific energy (SE), and the unconfined yield
stress (UYS). The interested reader could find further details about the powder testers and the different parameters
in (Marchetti and Hulme-Smith, 2021; Schwedes, 2003;
Castellanos et al., 2004; Lettieri and Macrì, 2016).
Marchetti and Hulme-Smith (2021) demonstrated the
existence of correlations between these different parameters to characterize powder flow. They reported that,
for cohesive powders, the Hall and Carney funnels are

blocked, while the flowability indicator for these devices is
the flow rate. Consequently, they are not appropriate in this
case. Indeed, thanks to their simplicity, the tests based on
fundamental properties (all the mentioned tests except for
the rheometer with shear cell device) are widely employed
in industrial and academic fields. However, the insufficient
reproducibility represents a serious drawback (Ghadiri et
al., 2020; Santomaso et al., 2003).
The Jenike shear cell is one of the most commonly used
testers. Firstly developed by Jenike in 1953 (Schwedes,
1976), the powder sample in this test is previously subjected to a controlled consolidation stress. The sample is
contained in a cylindrical cell formed by two superposed
steel rings. Once the normal load is withdrawn, the tester
determines the minimum steady state shear stress that must
be applied to initiate powder flow. However, the Jenike
tester is not suitable to evaluate powder flowability at very
small consolidations (typically below 1 kPa). Besides, this
technique assumes that the powder shears in a horizontal
slip plane homogeneously across the sample, which is
uncertain (Svarovsky, 1987).
The Peschl shear cell (Barletta et al., 2005; 2007; Bruni
et al., 2007a; 2007b) was presented as an alternative to circumvent some of the above mentioned problems. The tester
is essentially based on the same technic as the previously
cited cells albeit the shear stress is exerted by the rotation
of the upper part of the annular shear cell containing the
powder sample (Svarovsky, 1987). This tester allows
to determine the powder flow for an unrestrained shear
distance and for a constant shear surface. Nevertheless,
non-negligible wall effects and non-uniformity of stress
distribution may give rise to strong uncertainties
(Castellanos et al., 2004).
The above reviewed shear testers are designed to be used
only at ambient temperature. Early works to assess powder
flowability at high temperature were carried out by Smith
et al. (1997). These authors employed the Jenike shear
cell to test CaSO4 and MgSO4 powder samples that were
previously heated (up to 750 °C) although the sample temperature was not controlled during the tests. The authors
demonstrated that the powder yield strength increased with
temperature presumably due to the formation of agglomerates during heating. Kanaoka et al. (2001), Kamiya et
al. (2002) and Tsukada et al. (2008) succeeded to control
the temperature during the measurement by placing the
shear cell inside a furnace. These authors mainly studied
the adhesion behavior as represented by the variation of the
shear yield stress of fly ash particles. Kanaoka et al. (2001)
assumed that the samples behavior followed the Coulomb’s
law to estimate powder cohesion and the angle of internal
friction. In general, they observed an increase in the shear
yield stress with temperature, and therefore of cohesion,
which was attributed to the formation of solid bridges
during heating. Similar observations are reported by
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Tsukada et al. (2008), who showed that this phenomenon
can be attenuated by adding coarse silica particles.
More recently some works have modified the standard
Schulze cell in order to study the effect of temperature
(Chirone et al., 2015; 2020) (Macrì et al., 2017; Tomasetta
et al., 2011). Further details about these studies will be
discussed in section 5.
Although these tests have shown satisfactory results, assessing powder flowability at high temperature in fluidized
beds would be desirable as this system stands as the most
commonly used for an adequate temperature control, better
efficiency of heat transfer and gas-solid contact (Ding et al.,
2019). All in all, since interparticle forces are very sensitive
to numerous parameters (humidity, temperature, particles’
size and shape, solid mechanical properties, etc.) there
is still a long way to go to fully understand powder flow
behavior. Our HTSPT based on the fluidized bed technique
is presented in detail in the next section as a further contribution to further exploring this critical issue.

3. Experimental setup
Fig. 1 shows a schematic view of the HTSPT used in
the works reviewed in this manuscript. This setup is aimed
to measure the tensile yield strength and porosity of fine
powders as depending on temperature and consolidation
stress. It is based on the original SPT originally conceived
by Valverde et al. (2000). Essentially, the equipment is
based on measuring the pressure drop of a controlled gas
flow across the bed. The powder bed is held in a cylindrical
quartz vessel of 4.5 cm diameter. A quartz porous plate is
placed at the bottom of the vertical cylinder that serves as
gas distributor. Before entering the bed reactor, the gas
crosses a filter and dryer (model SMC IDFA3E) in order
to get rid of pollutant particles or humidity that can modify
particle surface properties and therefore powder cohesion

Fig. 1
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(Schubert, 1984). Then a controlled gas flow is pumped
through the bed by means of a digital mass flow controller
(omega model FMA-2606A, 2000 sccm). The gas pressure
drop across the powder is measured by a MKS differential
pressure transducer that generates an analogue signal readable by the computer. The measured pressure drop has two
contributions, the pressure drop across the powder bed and
the pressure drop across the porous plate. Obtaining the
pressure drop across the porous plate requires a calibration
procedure which consists of measuring the pressure drop
of the plate alone. This pressure is subtracted from the
total pressure drop to obtain Δp, the actual pressure drop
across the powder bed. The registered pressure drop has
an accuracy of ±5 Pa. A loudspeaker is placed at the top of
the vessel that yields an acoustical excitation of 150 dB at
a frequency of 130 Hz. This high intensity sound field is
held for 5 s during the initialization procedure as explained
below to disrupt any plugs or channels that may form
and hinder fluidization, particularly in the case of highly
cohesive powders (Valverde, 2013) yields an acoustical
excitation of 150 dB at a frequency of 130 Hz. This high
intensity sound field is held for 5 s during the initialization
procedure as explained below to disrupt any plugs or channels that may form and hinder fluidization, particularly in
the case of highly cohesive powders (Valverde, 2013). A
set of valves is used to control the gas flow direction, when
valves 1 and 3 are open while 2 and 4 are closed the gas
flows upward across the powder bed. This is the operating
mode for breaking and fluidize the bed. On the other hand,
in the inverse situation (valves 1 and 3 closed while 2 and
4 open) the flow is directed downward, which is used for
bed consolidation. The bed is placed inside a furnace which
serves to put the bed at high temperature.
The fully automated setup starts by a standard initialization procedure during which a sufficiently high gas flow
rate drives the bed into the bubbling fluidization regime for
30 s. Fluidization is assisted for the first 5 s by the sound

HTSPT: schematic of the experimental set-up. Reprinted with permission from Ref. (Espin et al., 2020). Copyright: (2020) Elsevier.
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excitation. Then the gas flow is turned off and the bed is
left to settle for 30 s. This first step is important in order to
ensure reproducibility of the initial state of the sample. In
the second step the bed is heated by using a PID controller
(Eurotherm 3216). When the target temperature is reached,
a one-hour thermal stabilization period is set, aiming to
guarantee a homogenous temperature distribution within
the sample. Thereafter, the bed is subjected to a gradually
increasing downward gas flow rate (by increments of
5 cm3/min each 3 s) up to reach a target consolidation
stress (ranging from the weight per unit area of the bed
up to σc~2 kPa). When the target consolidation stress is
met, the downward directed gas flow rate is maintained for
10 s. Then it is decreased progressively until it is stopped.
In the last stage, a gradually increasing upward gas flow
is imposed to put the bed under tension which allows to
derive the tensile yield strength of the powder as a function
of temperature and the previously imposed consolidation
stress as explained below.
Importantly, in all the tests the height of the bed is kept
below the bed diameter which allows us to dismiss wall
retention effects to calculate the tensile yield stress. This
critical issue is discussed in further detail in Castellanos et
al. (2004).

4. Breaking and fluidization curves
The gas pressure drop across the powder bed Δp is made
non-dimensional by the weight per unit area (W) in order to
better assess when fluidization is reached ( WP  1) which
in turn helps to determine the tensile strength. By plotting
the gas pressure drop through the bed as a function of
the upward directed gas flow rate we obtain the so-called
fluidization curve (Fig. 2). At small gas flow(11)
rates, the bed
remains in a solid-like state and Δp increases linearly under

Fig. 2 Dimensionless pressure drop Δp/W vs the gas flow rate qm
for CaCO3 powder samples (average particle size dp = 88.02 ± 0.7 μm,
T = 500 °C) previously subjected to different consolidation stresses σc
as indicated. Reprinted with permission from Ref. (Espin et al., 2020).
Copyright: (2020) Elsevier.

the effect of frictional resistance through the bed. This
linear behavior conforms to the Carman-Kozeny law at low
Reynolds numbers (Carman, 1997)

E
p 

ψ p2d p2

η h
φ
qm
ρ S 1  φ 2

(2)

where E is the empirical Ergun’s constant (taking a typical
value between 150 and 180 (Nedderman, 1992), dp stands
for(2)
the average particle diameter, ψp is the sphericity of
the particle (ratio of the surface area of a sphere with same
volume as the particle to the surface area of the particle), ƞ
is the dynamic viscosity of the gas, ρ alludes to the gas density, h and S are, respectively, the height and cross-sectional
area of the powder bed, φ is the particle volume fraction
and qm is the gas flow rate.
The pressure drop balances the powder weight per unit
area at the so-called minimum fluidization gas flow rate qmf.
At this point, a non-cohesive powder would be fluidized.
However, when interparticle adhesive forces are significant
(compared to particle weight), the powder remains in a
solid-like state as the gas flow is further increased over qmf.
Then, the gas flow puts the bed under tension while the
pressure drop continues to increase linearly. At a critical
gas flow, interparticle adhesive forces are overcome and
a sudden break of the powder occurs at the bottom of the
bed while the pressure drop falls abruptly to a level around
the powder weight per unit area. The tensile yield strength
of the powder at the bottom of the bed is obtained from
the overshoot of the gas pressure drop over the weight per
unit area σt = Δpmax – W. As the gas flow rate is further
increased over the breaking point, the pressure drop oscillates around the weight per unit area while the powder
enters a heterogeneous fluidization state (see Fig. 2).

5. Effect of temperature
Studying the powder behavior at high temperatures is
very important not only for the CaL process but also for
many other industrial applications (hydrocarbons cracking,
nuclear and metallurgical industries etc.) (Lettieri P. and
Macrì D., 2016) where operating conditions involve the
handling of powders at temperatures much higher than
room temperature (Kunii D. et al., 1991). Several works
have addressed the effect of temperature on the fluidization
of powders. However, the reported observations on the
minimum fluidization velocity are somewhat controversial.
Different correlations have been proposed to predict the
effect of temperature on the minimum fluidization velocity
(Lettieri P. and Macrì D., 2016). However, these correlations are not reliable at high temperature. Furthermore,
an extrapolation of the results to the tested conditions is
required (Valverde et al., 2000; Yang et al., 1985). Some
alternatives trying to solve this problem have been
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suggested (Wen and Yu, 1966), yet the evolution of the
minimum fluidization velocity and bed voidage εmf with
temperature is still considered as uncertain despite the
several correlations reported in the literature (Botterill et
al., 1982).
In order to check the efficiency and agreement between
the different powder shear testers, Salehi et al. (2017)
compared the results obtained with the Schulze ring shear
tester, the Jenike shear tester and the Brookfield powder
tester (PFT) using three different materials that belong to
different Jenike powder classes (calcium lactate, calcium
carbonate and dolomitic lime). Their results had shown
that the degree of agreement between the different setups
depends on the nature of powder tested. For instance, for
dolomitic lime, the PFT and Schulze tester show a good
agreement while the Jenike tester yielded higher cohesion
values. For calcium lactate material, the Jenike and Schulze
testers yield a considerable increase of the powder cohesion with consolidation stress, however the PFT measures
do not uphold this observation. In all the cases, the Jenike
tester give the higher cohesion values. In what concerns
particularly CaCO3 powders, the cohesion determined by
the Schulze tester is typically higher than the estimated by
the other testing devices. It is noteworthy that all the mentioned tests have been performed at ambient temperature
due to technical limitations.
In regards to the assessment of powder flow properties
as affected by temperature, Tomasetta et al. (2011) made
some modifications to the standard annular Schulze shear
cell. However, for small consolidations (typically below
~1 kPa), the results are not fully reliable. They attributed
this issue to design problems. For this reason, only tests
at higher consolidation stresses were realized. At high
consolidations they confirmed that temperature (in the
range up to 500 °C) does not have a significant impact on
the powder flowability for all the materials tested (FCC
powder, Corundum and fly ashes). Using the same setup,
Chirone et al. (2015) investigated the flow characteristics
at room temperature and at 500 °C of five different ceramic
powders. Their findings show that the powder cohesiveness
considerably increased with temperature and consolidation
stress. However, for the samples with the smallest size,
the powders were already very cohesive, and the effect of
temperature was not significant. For powders of 20–38 μm
particle size, there is an increase of cohesion of about 35 %.
For samples of 63–88 μm particle size and over 88 μm
particle size, a cohesion increase of 35 and 45 % at 500 °C
was noticed.
The results demonstrated also that free flowing powders
(63–88 μm and more than 88 μm) turned into easy flowing
at 500 °C as a consequence of the increase in cohesion by
35 and 45 % respectively. In this context, for the same temperature range and using the same setup, Macrì et al. (2017)
confirmed these observations but for two different types of
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TiO2 powders (natural and synthetic).
Chirone et al. (2020) studied the flow behavior of
powder samples sieved to obtain a range of particle sizes
covering Group B, A and C of Geldart’s classification at
temperatures in the range between 25 °C and 500 °C in a
heated fluidized bed. They found that the tensile strength
of the powders was increased with temperature. They
claimed that this behavior was not attributable only to the
variation of interparticle forces with temperature but also
to other factors such as the difference in particle size and
bed expansion.
Durán-Olivencia et al. (2020) studied the effect of
temperature on the tensile strength measured for limestone
samples having an average particle size of about 50 μm
(details on the powder used are illustrated in Table A1) by
means of the HTSPT. Their results indicated a considerable
increase of powder cohesiveness as the temperature was
increased (Figs. 3 and 4). Moreover, the effect of temperature was further enhanced as the consolidation stress to
which the sample was previously subjected was increased.
The obtained results fitted well to the empirical correlation
(Fig. 5).
3/2  σ 1/3
σ t  a  bT 3/2  cσ 1/3
c  bT
c

(3)

indicating the existence of a cross effect between temperature
(3)and consolidation. Thus, the consolidation stress can
be considered as a promoter of the temperature effect on the
tensile strength. The foregoing is of great importance. For
instance, during their storage in CaL-CSP plants, the solids

Fig. 3 Tensile strength measured for a limestone powder as a function
of the temperature for different values of the previously applied consolidation stress σc: the gray highlighted area stands for σc < 1000 Pa,
the red colored curve area represents the tensile strength values for
σc ≥ 1000 Pa. Reprinted with permission from Ref. (Durán-Olivencia et
al., 2020). Copyright: (2020) Elsevier.
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Fig. 6 Powder tensile strength σt as a function of the consolidation
stress σc previously applied to the powder bed for CaCO3 powder
samples of particle size between 4 μm and 30 μm at room temperature.
Reprinted with permission from Ref. (Espin et al., 2019). Copyright:
(2019) Elsevier.
Fig. 4 Tensile strength of a limestone powder measured as a function
of the previously applied consolidation stress for temperatures ranging
between 25 °C and 500 °C. The solid lines represent the best fit to a
power law σt ~ σc 1/3. Reprinted with permission from Ref. (DuránOlivencia et al., 2020). Copyright: (2020) Elsevier.

Fig. 5 3D representation of the tensile strength measured for a limestone powder as a function of consolidation stress and temperature. The
plotted surface shows the cross effect existing between these parameters
3/ 2  σ 1/3
governed by the expression σ t  a  bT 3/ 2  cσ 1/3
c  bT
c . The
points are the experimental measures. Reprinted with permission from
Ref. (Durán-Olivencia F.J. et al., 2020). Copyright: (2020) Elsevier.

[21]
could undergo various working conditions involving high
consolidation stresses (above 1 kPa) and high temperatures
(more than 300 °C).

6. Effect of particle size on the powder tensile
strength
Particle size is a major physical property that impacts the
cohesive behavior of powders (Macrì et al., 2017; Chirone

et al., 2020; Espin et al., 2019; 2020). As particle size is reduced, the gas-solid contact efficiency is enhanced, which
promotes mass and heat transfer in solid-gas reactors.
However, powder cohesiveness is also promoted, which
hinders powder flowability and fluidizability (Castellanos,
2005). Using the SPT, Espin et al. (2019) showed that the
tensile strength of limestone powders is notably enhanced
as the average particle size is decreased. Importantly, the
limestone powder samples used in these tests were obtained
by aerodynamic classification yielding a narrow particle
size distribution, which made possible to better analyze the
relevant effect of temperature on powder cohesiveness as
depending on particle size. The experiments revealed that
there is a synergetic effect between the consolidation stress
to which the powder was previously subjected and particle
size on the increase of the tensile strength. The impact
of the consolidation stress on the powder tensile strength
becomes more marked for smaller particle sizes (Fig. 6).
As seen in a previous work, the increase of temperature
promotes further powder cohesiveness. This phenomenon
may turn free flowing powders at ambient conditions into
cohesive as temperature is increased whereas low cohesive
powders may show a very cohesive behavior at high temperatures (Chirone et al., 2020). The effect of temperature
and consolidation stress could be well fitted by a power
law σ t  a σ cb where the value of b progressively increased
from 0.3 to 0.9 as the temperature of the powder bed was
increased in the range from ambient to 500 °C (Fig. 7).
The (12)
results reported by Espin et al. (2020) revealed that
powder flowability is critically influenced by particle size
as depending on temperature. As it is clear from Fig. 7
the impact of temperature on the powder tensile strength
is strongly influenced by particle size. An appreciable
increase of powder cohesiveness was observed when the
temperature exceeded a certain threshold which depends
on particle size at the relatively small consolidations

35

Rahma Gannoun et al. / KONA Powder and Particle Journal No. 39 (2022) 29–44

tested. For relatively small particles (average particle size
dp = 30 μm) the increase of the tensile strength is appreciable already at temperatures below 100 °C. As particle size
is increased, higher temperatures are required to promote
notably the tensile strength. For instance, the temperature
threshold that causes a significant effect on the tensile
strength is about 300 °C for the powders with 60 μm and
80 μm particle size. This temperature is reduced to 200 °C
when particle size is decreased to 45 μm. These results
show the importance for practical applications of assessing

the impairment of powder flowability with temperature as
depending on particle size and the typical consolidation
stresses to which the powders will be subjected during storage and transport. For thermal storage of CaCO3 powders at
industrial scale, consolidation stresses may be well above
1 kPa at temperatures clearly exceeding 300 °C (Valverde,
2013; 2015), which implies that powder flowability could
be seriously hindered at the typical temperatures of the CaL
process if fine particles (below ~60 um) are employed.

Fig. 7 Tensile strength σt versus the consolidation stress σc for CaCO3 powders for different temperatures and particle size: (a) dp = 88.2 ± 0.7 μm; (b)
dp = 59.3 ± 0.8 μm; (c) dp = 42.5 ± 0.8 μm; and (d) dp = 32 ± 1 μm. The solid lines are the best fits of the equation σ t  a σ cb to the experimental data.
Reprinted with permission from Ref. (Espin et al., 2020). Copyright: (2020) Elsevier.

[22]

Fig. 8 Tensile yield strength σt of diverse powders measured as a function of the previously applied consolidation stress σc and temperature T. (a)
CaCO3, (b) soda-lime glass beads and (c) SiC powder samples. The solid lines represent the best fit of a power law to the data σ t = aσcb, with b close to
unity. Reprinted with permission from Ref. (Durán-Olivencia et al., 2021).
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7. Effect of material properties
Durán-Olivencia et al. (2021) tested the effect of the increase of temperature on the tensile yield strength for powders of similar particle size (between ~42 μm and ~72 μm)
but of different materials (limestone, soda lime and SiC).
The main results obtained are summarized in Fig. 8. These
measurements revealed that, regardless of the powder
nature, cohesiveness is augmented with temperature. This
effect is especially appreciable when the temperature is
T ≥ 200 °C for limestone and soda-lime powders, with a
negligible difference in the measured σt up to 300 °C for
both materials as it can be clearly observed in Fig. 9. On
the other hand, cohesiveness was promoted further for the
soda-lime powder at higher temperatures. Powder beds
could not be broken when the temperature was above
300 °C, even by the highest gas flow rates achievable in the
test (qmmax = 0.8 g/min), which indicates a great increase of
the powder tensile strength near this temperature. Indeed,
at temperatures above 300 °C, soda lime is close to its
glass-transition temperature Tg (Tg ~520 °C) (Gerhard,
2017; Varshneya and Mauro, 2019). At this temperature,
the powder transits from pure-solid to rubbery-like. This
change is accompanied by an appreciable decrease of the
material hardness and, therefore, a marked increase of the
tensile strength according to contact mechanics predictions (Castellanos, 2005). In addition, high consolidation
stresses promote further material softening as T approaches
Tg. Fig. 10 shows SEM picture of soda-lime powder samples after being heated up to 500 °C and subjected to a consolidation stress σc = 2 kPa. As may be seen, the particles
have experienced a visible local deformation presumably
due to material softening. Dimples are clearly seen at the
surface of the glass beads which were arguably created at
interparticle contact points during consolidation at high
temperature. In contrast, powder samples of a much harder
material (SiC) show values of the tensile strength up to four
times smaller than those measured for the CaCO3 powder
of similar particle size for given values of the consolidation
stress and temperature (Fig. 8). In the case of limestone, no
deformations of the surface of the particles were appreciable after the samples (either silica coated or uncoated) were
subjected to the high temperature fluidization cycles (Espin
et al., 2020). These findings can be qualitatively explained
by the change in the mechanical properties of the material
as affected by temperature, particularly its hardness, which
decreases significantly with temperature (Michel et al.,
2004; Wheeler and Michler, 2013; Zhang et al., 2017)
yielding an increase of the tensile strength as predicted by
contact mechanics (Castellanos, 2005) when the particles
deform plastically at contact points. Another important
parameter to consider in the case of non-glass solids is the
Tamman temperature TTam which is estimated as half of the
melting point and indicates the temperature at which mate-

Fig. 9 Comparison of Tensile yield strength σt as a function of the previously applied consolidation stress σc for the different powders tested
at T = 300 °C. Reprinted with permission from Ref. (Durán-Olivencia et
al., 2021). Copyright: (2021) Elsevier.

Fig. 10 SEM pictures of soda-lime glass beads after undergoing
a consolidation stress of σc ≈ 2000 Pa at a temperature of 500 °C
(magnifications: 2500×). The arrow indicates permanent deformations
on the beads surface suffered during consolidation at high T (not
observed in the fresh sample). Reprinted with permission from Ref.
(Durán-Olivencia et al., 2021).

rial deformation starts to be appreciable (Tammann, 1932).
For limestone, this temperature is approximately in the
same order of the highest temperature tested in the works
reviewed in this manuscript (TTam (CaCO3) = 565 °C (Xu et
al., 2016)), which would explain the appreciable increase
in the tensile strength seen in this case as the material
would soften considerably at temperatures close to TTam
(Fig. 8 (soda-lime particles)). However, in the case of SiC,
the Tamman temperature is very high (TTam ~1238 °C (Xu
et al., 2016) ). Thus, the tensile strength measured for this
powder in the range of tested temperatures (below 500 °C)
is increased only slightly and powder flowability is not
seriously compromised as is the case for the soda-lime and
limestone powders.
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8. Effect of nanosilica addition
The CaL process involves storing and handling CaCO3/
CaO powders at high temperatures and consolidations
(Paksoy, 2007). As it has been shown in the works reviewed above (Durán-Olivencia et al., 2021; Espin et al.,
2020), the increase of temperature rises the cohesiveness
of the powders which could be a serious restraint to their
flowability. The results shown in Figs. 11 and 12 demonstrate that using nanosilica as additive at small concentrations can be a suitable solution to improve the flowability
of diverse fine cohesive powders at ambient temperature
(Chen et al., 2008; Quintanilla et al., 2006; Ramlakhan et
al., 2000; Watson et al., 2001; Yang et al., 2005). Espin et
al. (2019) demonstrated that for fine limestone powders
the addition of nanosilica to cohesive limestone powders
contributes to significantly reduce their tensile strength at
ambient temperature (see Fig. 11). SEM pictures (Fig. 13)
showed that CaCO3 particles were uniformly coated with
nanosilica when both powders were physically dry mixed

by a simple procedure in a rotating drum. More recently
Durán-Olivencia et al. (2021) extended this observation to
a range of temperatures up to 500 °C. At 500 °C, nanosilica
coating leaded to a reduction of the powder tensile strength
up to half of the value measured for the pure limestone
powder (Fig. 12). Moreover, it was shown that the effect
of nanosilica persisted when the sample was subjected to
repeated fluidization cycles (see Fig. 13).
Thus, a practical solution for CaL applications where
fine limestone powders are to be employed would be the
addition of nanosilica by small concentrations. Arguably,
the physical mechanism behind this behavior is that the
coating of limestone particles with nanosilica aggregates
would effectively increase the hardness of interparticle
contacts since silica is a much harder material than limestone thus mitigating contact plastic deformation and therefore reducing the increase of interparticle adhesion forces
with consolidation and temperature, which would serve
to mitigate the undesirable effect of high temperatures on
powder flowability.

9. Conclusions

Fig. 11 Tensile yield strength as a function of the previously applied
consolidation stress for limestone powder samples (dp ~30 μm) mixed
with nanosilica at different weight concentrations and ambient temperature. The experimental data are fitted to the equation σ t  aσ cb data.
Reprinted with permission from Ref. (Espin et al., 2019). Copyright:
(2019) Elsevier.

Nowadays, the deployment at large scale of power plants
based on renewable energies is considered as a worldwide
priority. Several technologies aiming to develop new alternatives based on non-polluting energy resources and using
abundant, cheap and non-toxic materials that allow for a
massive deployment of these technologies are conceived.
In this regard CSP plants with energy storage are gaining
an increasing interest.
However, a high efficiency and low-cost energy storage
technology is still required for CSP plants to be competitive
against fossil fuel-based plants. TCES is one of the most
promising technologies for this goal, and the CaL process
is a potential candidate to integrate TCES in CSP plants.
Yet, the CaL process requires the handling and transport of

[23]

Fig. 12 Measured tensile yield strength σt as a function of the applied consolidation stress σc at different temperatures T for powder samples of (a)
pure limestone and (b) limestone mixed with nanosilica (0.83 % by weight). Reprinted with permission from Ref. (Durán-Olivencia et al., 2021).
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Fig. 13 SEM images of different size limestone particles coated with diffrent ratios of nanosilica : (a) dp ≈ 4 μm, 0.38 wt% SiO2 ; (b) dp ≈ 4 μm,
1.88 wt% SiO2 ; (c) dp ≈ 15 μm, 0.1 wt% SiO2 ; (d) dp ≈ 15 μm, 0.5 wt% SiO2 ; (e) dp ≈ 30 μm, 0.07 wt% SiO2 ; (f) dp ≈ 30 μm, 0.25 wt% SiO2. Reprinted
with permission from Ref (Espin et al., 2019). Copyright : (2019) Elsevier.

CaCO3 and CaO powders at high temperatures. This may
be an issue as in many other powder processing industrial
applications where high temperatures are involved. Thus,
understanding the powder behavior at high temperatures is
crucial to improve the efficiency of these processes. In this
manuscript the HTSPT device designed for this purpose is
presented and the main results so far obtained have been
reviewed.
The HTSPT can measure the tensile yield strength of fine
powders as a function of temperature and the previously
applied consolidation stress as depending on temperature.
Generally, the results obtained have shown that powder
cohesiveness is adversely affected at high temperatures as
the consolidation stress is increased. Moreover, particle
size is a critical parameter that determines the effect of
temperature. As particle size is decreased, limestone powders become significantly more cohesive for temperatures
just above 100 °C. Furthermore, for limestone powders
with an average particle size of ~50 μm and below, the
tensile yield strength increases significantly because of a

synergistic effect of temperature and consolidation stress.
Consolidation of the powders greatly enhances the detrimental effect of temperature on the tensile strength since
plastic deformation at interparticle contacts is promoted by
a reduction of the material hardness. For example, the tensile yield stress raises by one order of magnitude at 500 °C
when a limestone powder of particle size around 50 μm is
subjected to a consolidation stress of σc ~2 kPa compared
to the case when no consolidation stress is applied at ambient temperatures. Thus, relative free flowing powders at
ambient temperature may become highly cohesive at high
temperatures, which may pose a serious problem in industrial applications. Some material properties play a relevant
role on the effect of temperature on powder cohesiveness.
Thus, the negative effect of temperature is mitigated in materials with a high Tammann temperature and mechanical
hardness as, for example, SiC powders whose flowability is
not seriously compromised with temperature and would be
therefore in this regard an excellent candidate for thermal
energy storage. On the other hand, it has been shown that
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surface coating with nanosilica by means of dry physical
mixing, is a practical and efficient solution to lessen the
increase of powder cohesiveness with temperature for
limestone powders.
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Appendix A
Table A1 Mechanical properties of the material tested, reprinted with permission from Ref. (Espin et al., 2020). Copyright: (2020) Elsevier.

Material

Particle Density
ρp (kg/m3)

Average
Diameter dp
(μm)

Young’s
Modulus E
(GPa)

Mechanical
Hardness H
(GPa)

Poisson
ratio ν (-)

Surface Energy
γ (J/m 2)

CaCO3

2700a

51a

25–88.19b

0.75–5.11c

0.21–0.34d

0.32–0.347e

References: a (data provided by the supplier),
b (Crystran, 2020; Daniel et al., 1982; Ghadami Jadval Ghadam, 2015; Gunda and Volinsky, 2011; Gupta, 2010; Lee et al., 2016; Shi et al., 2018;
Surfacenet, 2020)
c (Gunda and Volinsky, 2011; Hubermaterials, 2020; Lee et al., 2016; Matweb, 2020; Shi et al., 2018)
d (Daniel et al., 1982; Gunda and Volinsky, 2011; Gupta, 2010; Lomboy et al., 2011; Materialsproject, 2020; Ramlakhan et al., 2000; Upadhyay, 2013)
e (Røyne et al., 2011; Santhanam. and Gupta, 1968)
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Abstract
The aerosol particles play a significant role in the environment and human health. They are also increasingly used
in medicine (drug carriers), preparation (nanocatalysts) and many other fields. For these applications, the particles
have to possess unique properties which arise directly from their structure and topology. Indeed, the functionality
of the nanostructure particle is defined through its application, like chromatography, sensors, microelectronics,
catalysis, and others. That is the reason why people are more and more interested in manufacturing structured
particles. The structured particles are the particles with well-defined topological structure. Examples of such
particles are porous particles, hollow particles (with the empty space inside), or multi-component particles with
the segregation of components in the particle structure. Such particles usually have very interesting features, e.g.
porous particles have a significantly larger surface area than the simple spherical particles with similar volume.
The present paper contains a comprehensive review of the numerical simulation methods of the formation of highly
ordered structured particles. The most important methods will be described in detail and their fields of application
(with specific examples), advantages, limitations and information about their accuracy will be given.
Keywords: structured particles, particle synthesis, numerical modeling, self-organization

1. Introduction
The structured particles are the particles with welldefined, usually ordered, topological structure (Yang
S.-M. et al., 2008). Examples of such particles are porous
particles, hollow particles (with the empty space inside) or
the multi-component particles with the segregation of components in the particle structure (e.g. core-shell particles).
Such particles usually have very interesting features, e.g.
porous particles have a significantly bigger surface than the
simple spherical particles with similar volume. This feature
allows us to use these particles as a nanocatalytic objects.
Even if the substance that builds the particle has not catalytic properties, the particles may be covered with the thin
layer of catalyzing substance.
Hollow particles (HP), on the other side, may be
considered as a carrier for encapsulation of molecules or
nanoparticles (Liu B. and Hu X., 2020). Other possible
applications of HP are coatings (polymeric HP are considered as a white pigment, competitive to conventionally
applied TiO2), cosmetics (carboxymethyl cellulose-based
HP are applied for encapsulation of active ingredients of
†
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various cosmetics) and electronics (mesoporous polymeric
HP are considered as a filler in the electrolyte membranes
for solid-state batteries). For the possible application of HP
see the comprehensive review of Wichaita et al. (2019) and
references therein.
Core–shell particles (CSPs) are a class of particles which
contain a core region and a shell layer covering a core. The
core and the shell can be different materials or the same materials with different structures (e.g. solid core and highly
porous shell). One of the possible applications of core-shell
particles is chromatography, e.g. high-performance liquid
chromatography, where silica core-shell microspheres are
used as a packing material (Hayes et al., 2014).
CSPs are an example of composite particles. In general,
by the concept of composite particles we understand particles made of at least two different substances. The atoms or
molecules that make up a particle may be randomly distributed in its structure or create some geometrically ordered
pattern. In the latter case, it can be said that the composite
particle is a structural particle. Apart from CSPs, an example of these particles are the so-called Janus particles (JPs).
They were named after the Roman god Janus, who had two
faces, each facing a different direction. Similarly, Janus
particles have two sides which exhibit different properties.
E.g. one of these sides may be non-polar and the other
polar. Such particles may exhibit properties and behavior
similar to surfactant molecules (de Gennes, 1992). Another

Copyright © 2022 The Author. Published by Hosokawa Powder Technology Foundation. This is an open access
article under the CC BY license (https://creativecommons.org/licenses/by/4.0/).
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example of Janus particles is when both sides are made
from different materials (e.g. different metals), which may
catalyze different chemical reactions. Such particles may
catalyze a chemical reaction and, at the same time, move
to regions where the concentration of reactants is higher.
One should also not forget about nano- and microcrystals. Such small crystals are often monocrystals i.e. the
crystal lattice of the entire particle is continuous and has
no defects nor grain boundaries (however, there are exceptions). Thus, the structure and morphology of nano- and
microcrystals are defined by the geometry of crystal lattice.
One of the most known examples are the snowflakes.
Though they may differ in appearance and shape (“no two
snowflakes are alike”—as the famous saying goes) but all
of them have characteristic six-fold symmetry which arises
from the hexagonal crystalline structure of ice.
The structure of matter, on a microscopic scale may
dramatically influence its functionality. Engineering of
particle structures on a microscopic scale would also lead
to their unique optical, electrical, magnetic, or rheological
properties maintaining at the same time the high surface
area. The functionality of the nanostructure particle is defined through its application, like chromatography, sensors,
microelectronics, catalysis, and others.
Well-controlled synthesis of nanomaterials and nano
scale characterization enables us to unambiguously correlate the structural properties with the physical, chemical
and biological properties of nanomaterials, which form the
core of nanoscience research. Excellent examples of the
use of advanced particle engineering to design the structure
and properties of catalysts are described in the review paper (Czelej et al., 2021). An essential requirement for nanomaterial synthesis is the uniformity of the final product
in size, shape and chemical composition. Recently, many
synthesis approaches have been developed to produce
high-quality nanoparticles, nanorods, nanowires, or other
nanostructures using metals, semiconductors and oxides
(Mao et al., 2005; Mohanty, 2011).
Each of the types of structural particles mentioned
can usually be obtained in several different ways. These
methods depend on the particle structure itself and will be
briefly presented in the next chapter. There is a suitable
synthesis method to obtain a particle with a predetermined
structure. A good guideline that helps to choose the appropriate method of particle synthesis may be to perform
a numerical synthesis of such a particle. Numerical calculations, with the participation of a computer, allow for
cheap and quick prediction of the effect of the assumed
procedure. For this reason, in parallel with the methods
of synthesizing particles of a given structure, methods of
numerical modeling of the synthesis of such particles are
being developed. Therefore, the chemical development of
numerical methods related to the preparation of structural
particles has taken place in the last 30 years. Currently,
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there are many methods that allow obtaining particles with
a specific structure.
The purpose of this publication is to provide an overview
of the numerical methods used to describe the formation
of particles with a specific structure. Four of them we can
call classic: these are groups of methods based on heat
and mass balances, population balances, single atoms or
molecules tracking (based on molecular dynamics) and
Monte Carlo methods. They have been applied many times
in numerous practical issues and constantly developed.
Apart from them there will be described some less popular
methods which may still be useful in specific issues.

2. Types of structured particles and method
of their synthesis
Currently, many methods are known for the synthesis of
structured particles. To choose the right one for a specific
process, you must first determine what type of particles
you want to get. Methods that will allow synthesizing, for
example, HP, may not work at all in the case of JP and vice
versa.
In general, all the methods of formation of particles,
independently – structured or not – may be divided into
two main groups: top-down and bottom-up (Verma et al.,
2009; Fernandez et al., 2014). The first group of synthesis
methods implies that the nano- or microparticles (NMPs)
are synthesized by breaking larger structures (e.g. crushing, grinding or etching out crystals). A top-down method
can thus be considered as an approach where the building
blocks are removed from the substrate to form the particles
(Aryal et al., 2019).
Oppositely, a bottom-up synthesis method means that
the particles are synthesized by joining smaller structures
together (e.g. atoms, molecules or smaller nanoparticles).
A bottom-up approach can thus be viewed as a synthesis
approach where the building blocks are added onto the substrate to form the particles (Betke and Kickelbick, 2014;
Lesov et al., 2018).
From a practical point of view, the bottom-up synthesis
is considered more advantageous than the top-down one,
because the former usually leads to more homogeneous
products with less defects and more homogenous chemical
composition. Thus, in the next part of this paper, primarily
the bottom-up methods will be considered.
Ones of the earliest known methods of synthesis of
NMPs were the crystallization of particles from solutions
(and similar precipitation) and spray drying (de Souza Lima
et al., 2020). These methods have led usually to poorly
structured particles. Indeed, by means of above-mentioned
techniques particles with a wide range of sizes and shapes
and a chemical composition that is difficult to control are
obtained. Nevertheless, it is possible to obtain structured
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particles by means of these methods under strict conditions. Crystallization and precipitation may lead to the
formation of nanocrystals and spray drying—to spherical
particles, or even core-shell or hollow particles.
However, the more complex particle morphology, the
more advanced methods should be used. Template methods may serve as an example of such a sophisticated and
multistep approach, where first the template is synthesized,
then modified to obtain the particle, and finally removed to
create desired pores and voids in the structure. E.g. in the
case of HP formation, the template is a simple spherical
particle. This particle is then coated with a layer of the
desired material and finally – removed, e.g. by means
of etching (Liu B. and Hu X., 2020), leaving an empty
shell. Following this description, we may conclude that
the template method may be considered a combination of
bottom-up (template formation, coating) and top-down
(template removal) methods.

2.1 Hollow particles
Hollow particles (HPs), defined as particles (usually of
spherical shape) with void space surrounded by a shell are
ones of the most popular structured particles (Lou et al.,
2008; Wang X. et al., 2016; Liu B. and Hu X., 2020). It
has been observed that this type of particle morphology
may appear during the spray drying technique when the
solution or slurry is atomized into small droplets which are
then evaporated (Mezhericher et al., 2010; 2011; Vehring,
2008). This technique, together with a similar gas blowing
technique, was the most popular synthesis method of this
kind of HPs (Kellerman, 2011; Tsotsas, 2012; Liu B. and
Hu X., 2020).
Today, a lot of other methods for the formation of HPs
are known. The most popular ones are collectively referred
to as “colloidal templating” (Caruso et al., 1998). This
group of methods boils down to producing a template on
the basis of which the shell of HP is synthesized, and then
removing this template (Tu and Gösele, 2005; Fan et al.,
2007). In the group of templating methods we may distinguish hard-templating methods, soft templating methods
and self-template methods (Liu B. and Hu X., 2020).
During the hard templating methods hard templates with
specific (usually spherical) shapes are synthesized first, and
then their outer surface is coated with a layer of the desired
material. During the soft-templating method, the role of
“template” plays the droplet of emulsion or the bubble
of gas (Hadiko et al., 2005). Finally, the core material is
selectively removed to obtain the hollow structure (Lou et
al., 2008). Finally, self-template methods denote direct synthesis without the need of additional templates (Zhang Q.
et al., 2009). Methods from this group contain two stages:
the synthesis of template nanomaterials and the transformation of templates into HP. The main difference between

the conventional templating methods and self-templating
methods, the templates used in self-templating methods are
not only the templates used to formation of a void space inside the HP but also form the outer region – the crust of HP.
An exhaustive review of methods of synthesis HPs is
presented in (Liu B. and Hu X., 2020).

2.2 Core-shell particles
Core–shell particles are the particles which contain an
inner core and an outer shell (Ghosh Chaudhuri and Paria,
2012). The core and the shell differ in material type, in the
structure (e.g. solid core and porous shell made from the
same substance) or both of them (Hayes et al., 2014).
Core–shell particles are usually synthesized by a
multiple-step process. The core is synthesized first and the
shell is then formed on the core particle via different methods, depending on the type of core and shell materials and
their morphologies (Ghosh Chaudhuri and Paria, 2012).
Among these methods, layer-by-layer approach via electrostatic interaction, shell synthesis on pre-formed cores,
droplet-based microfluidic method and many others can be
mentioned. An exhaustive review of methods of synthesis
of core-shell particles has been made in work (Hayes et al.,
2014).

2.3 Janus particles and other composite particles
As it has been stated in Introduction, Janus particles (JP)
are the particles which have two sides which exhibit different properties. They are probably the best-known and most
widely used composite NMPs. The excellent overview of
these particles’ properties, applications and synthesis methods is reviewed in the paper (Walther and Müller, 2013).
There are three principal methods of synthesizing JP
(Walther and Müller, 2013). The first one is based on the
self-assembly of block copolymers (Walther et al., 2007).
As a result of this process, individual blocks of polymers
form regions of a particle with different properties. This
method allows obtaining JPs with various shapes, not only
spherical ones (Liu Y. et al., 2003). The second method
uses “masking” (blocking) of a part of the surface of an
already formed particle and then surface modification of
the unblocked part of the surface (Lin et al., 2010). After
removing the masking agent, a particle is obtained having
surface regions with different properties. Finally, the third
method consists in creating droplets of emulsions composed of various substances, and then leading to phase separation in the droplets thus formed and their solidification.
In addition to JPs, there are many particles that deserve to
be called composite particles because of their complex,
usually more or less ordered internal structure containing
at least two substances with different properties. Some of
them can be treated as certain modifications of the more
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popular structures described above. For example, if in a
core-shell particle the outer shell is not a continuous, solid
or porous spherical layer but a layer of smaller particles
covering the core more or less closely, we are dealing with
a raspberry-like particle (when the core is tightly covered
with smaller particles) or core-satellite particle (when there
are larger gaps between the particles covering the core and
possibly the particles covering the core are of different
sizes) (Mourdikoudis et al., 2015). Particles analogous to
HPs but with multilayered crust are sometimes reported
as “sandwich-like particles” (Liu Q. et al., 2020). Yolkshell particles, like CSPs, have an inner spherical core
and an outer spherical shell - but in their case, the shell is
“too big” for the core: a small spherical nucleus can move
freely in the space surrounded by the shell (Sun X. et al.,
2020). There are many more such examples and it is to
be expected that as nanotechnology develops, structured
particles with an increasingly complex internal structure
will be obtained.
These particles are usually synthetized by means of gasphase or vapor-phase methods (Swihart, 2003) or by means
of coating of simple particles with appropriate substance
(Demirörs et al., 2009). Very promising method of synthesis of composite particles is flame spray pyrolysis (FSP)
(Mädler et al., 2002; Chiarello et al., 2008). In FSP, the
solution containing liquid precursor and fuel is atomized to
form the droplets which are then evaporated and ignited by
means of an additive small flame (so-called pilot flame) to
form solid nano particles.

2.4 Other types of structured particles
In addition to the particles with the structure described
above, other, less popular types can also be found in
nanoengineering applications. Among them, porous particles, as well as superficially porous particles, are worth
mentioning. The latter kind of particles has a structure
somewhat similar to CSPs, where the core is a solid sphere,
while the shell is characterized by the presence of pores of
various sizes. Both of these particle segments can be made
of the same substance and differ only in terms of internal
structure—so it is not a composite particle. Porous and superficially porous particles are applied as catalyst supports
(Ye et al., 2017) and filling in chromatographic columns
(Wang X. et al., 2012).
Micro- and nanocrystals of various substances also
may be considered structured particles. They have a welldefined shape which in turn results from the structure and
symmetry of the crystal lattice of the substance under
consideration. The formation of submicron-sized single
crystals has long been studied both experimentally and
theoretically.
Last but not least, viruses should be mentioned as an
example of structured particles. These objects, which are
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Fig. 1 Examples of structured particles: (a) hollow particle, (b) coreshell particle, (c) Janus particle, (d) raspberry-like (core-satellite) particle, (e) yolk-shell particle, (f) superficially porous particle.

intermediate between particles and living organisms, are
characterized by a ordered structure, which consists of
the nucleic acid (DNA or RNA), a shell (capsid) made of
proteins and sometimes some other additional components.
The structure of viruses is much more complicated than the
structural particles discussed earlier, e.g. CSPs. Due to the
great importance of viruses in medicine and biomedical engineering, there are recently more and more attempts to describe the formation of this type of “particles” numerically
(Kraft et al., 2012). Most attention is paid to the modeling
of capsid formation from protein subunits (Zlotnick, 1994).
The most popular and most often investigated types of
structured particles are presented in Fig. 1.

3. Numerical models of formation of
structured particles
3.1 Models based on heat and mass balance
equations
One of the most popular groups of numerical models
of the formation of NMPs are those based directly on
equations of heat and mass balances (HMB). They are
especially popular for considering droplet formation during
the spray drying method; however, they are also applied to
model some other processes of formation of NMPs, e.g.
precipitation.
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The aim of all those models is to formulate the mass
balance equation which takes into account the mass flux
from surrounding to the particle or vice versa. In parallel,
the energy balance equation is formulated. Both of those
equations, with proper initial and boundary conditions
are solved using widely applied numerical schemes, e.g.
finite difference method. Levi-Hevroni et al. (1995) and
Mezhericher et al. (2007; 2008; 2011) have applied this
scheme for the spray drying process. During the first stage
of drying—evaporation of droplet—they considered the
escape of solvent molecules from the droplet leading to a
decrease in its radius (Fig. 2a). The mass balance equation
—when assuming spherical symmetry of a droplet—takes
a form of the ordinary differential equation describing the
dependence of droplet radius on time (Levi-Hevroni et al.,
1995):

dRd
1

m v
dt
4πρd, w Rd2

(1)

Where the mass flux ṁv is given as (Mezhericher M. et
al., 2007):
(1)
m v  hD  ρv,s  ρv,  Ad

(2)

All the symbols are described in Nomenclature at the
end
(2)of the paper.
The mass transfer coefficient hD is obtained usually
from the Ranz-Marshall correlation (Levi-Hevroni D. et
al., 1995) and is a function of the diffusion coefficient of
solvent vapor in air as well as viscosity and density of air.
These parameters, together with solvent density ρd and
saturated solvent vapor concentration ρv,s, are dependent on
the temperature of a droplet surface which may be obtained
by solving a heat balance equation:

Fig. 2 Scheme of a model of hollow particle formation in spray drying
process based on heat and mass balance equation: (a) first drying stage
and (b) second drying stage.
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With the boundary condition at the droplet surface:
T
m
(3)
hc T  Td   λ d  Lh v
r
Ad

(4)

The set of equation (1–4) is solved through the whole
first drying period by means of well-known discretization
(4)
methods
(e.g. finite difference scheme). This period ends
when the concentration of solutes or suspended particles
in a droplet is big enough to start the formation of solid
crust. The simulation of the second drying stage is much
more complicated. In their early works, Mezhericher M. et
al. (2007; 2008) considered the emerging crust as a porous
solid medium through which further solvent evaporation
took place. Because the further decrease of particle radius
is impossible after the formation of the crust, the evaporation of a solvent results in formation of internal bubble
inside the dried particle (Fig. 2b). That leads directly to the
HP formation.
Later on, these authors have considered the more realistic crust structure as built from spherical nanoparticles
suspended in droplet (Mezhericher et al., 2011; 2012). This
approach allowed formulating the criterion of the final particle morphology: hollow particle or solid particle. Similar
investigations – with the use of the same approach – have
been done to investigate the morphology of particles obtained by means of spray pyrolysis (Lenggoro et al., 2000;
Eslamian et al., 2006). The described model allowed the
formulation of the conditions of solid or hollow particle
formation for this process as well. Also, Shabde et al.
(2005) have used the described method to simulate the
formation of HP during spray drying. Likewise, Maurice
et al. (2017) considered the dynamics of growth of internal
bubble during the HP formation in spray drying process.
The main difficulty in the application of the numerical
method described above is the existence of moving boundaries. Indeed, during the drying a droplet shrinks and thus
the condition (4) is fulfilled for the different value of r at
every time step. The Mezhericher group usually applies the
method elaborated by Moyano and Scarpettini (2000) for
one-dimensional moving boundary problem with implicit
boundary conditions. They use the Landau’s transformation in order to work with a fixed number of nodes at each
time step despite the moving boundaries. Shabde et al.
(2005), on the other hand, have used the gradient-weighted
moving finite element method (Miller, 1997). Recently,
a work (Larbi et al., 2021) appeared in which a spectral
collocation method has been applied. This method is based
on the expansion of the unknown function in terms of the
Lagrange elementary polynomials. The solution of HMB
equations comes down to finding the dependence of the
coefficients of this expansion on time.
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Another step towards the description of the structure of
particle formed in the spray drying process is analyzing the
distribution of concentration of solutes inside the droplet.
The mass balance equation for the solute takes the form of
convection and diffusion equation:
c A
c
1  
c A 
 vr A  2
 DA r 2

t
r
r 
r r 

(5)

The radial velocity of a solvent in a droplet vr is dependent on the velocity of the droplet surface caused by its
(5)
shrinking. Eqn. (5) may be transformed into:
cA
D   2cA 2 cA
 2A 

t
rd  R 2
R R

 R cA rd

 rd R t

(6)

where rd is a radius of a droplet and R  r rd denotes the
normalized radial coordinate. Eqn. (6) is a base for the nu(6) model of particle formation elaborated by Vehring
merical
et al. (2007) and further developed by(21)
other authors under
the name of VLF model (Chen X.D., 2011). Originally, the
model assumed steady-state evaporation of a droplet what
defined a proper boundary condition at the droplet surface.
Later on, it has been extended to take into account the
transient nature of the solute concentration profiles (Boraey
and Vehring, 2014).
As a method of description of particle formation during
spray drying, the VLF model has been applied mainly
for the simulation of HPs formation. It allows finding out
the time of drying of a droplet and the final thickness and
density of a crust.
More advanced approaches use computational fluid
dynamics (CFD) methods to solve HMB equations, e.g.
finite element method (Vasiliauskas et al., 2015). Recently,
Wu and Chung (2020) used the volume of fluid method to
simulate the synthesis of HPs by means of spray drying
process. At the expense of a significant complication of
the mathematical apparatus, this approach makes it possible to follow the dynamics of particle synthesis without
introducing additional assumptions, e.g. regarding the
symmetry of the particle. The proposed model allowed
directly distinguishing four sequential stages of the drying
process: temperature adjustment, isothermal drying, crust
formation, and crust thickening. While in the previously
discussed papers, these stages were artificially separated,
and for each of them, a slightly modified system of equations was used—in this case, one system of equations
allows describing the entire drying process.
The methods based on mass and heat balance equations
have also been applied for modeling of synthesis of NMPs
other than HPs, e.g. core-shell particles. The works presenting the results of this type of simulation focus not on
balance within a single emerging particle but rather on the
entire system (apparatus) in which the particles are formed.
In such an approach, the material balance, which describes
rather chemical reactions taking place during the process
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than the convection and diffusion of compounds, is coupled
with—usually simplified—population balance of particles,
e.g. (Aul’chenko S. and Kartaev E., 2018). The authors
use a single-liquid flow model to describe the synthesis
of composite core-shell TiO2-SiO2 particles from the gas
substrates (mixture of titanium tetrachloride and silica
tetrachloride). The efficiency of solid particle formation is
obtained from kinetic reactions—both homogeneous and
heterogeneous—and phase transition between gas and solid
phase. Such an approach, coupled with a simplified balance
of particle number, allowed to calculate the average size of
particles at an arbitrary time point. From this model any
other properties of structured particles could be obtained,
e.g. the mean thickness of silica shell—however, authors
did not consider this properly.
Model based on heat and mass balances equations has
been also applied for simulation of FSP method (Ren et al.,
2021). Similarly as in work by Mezhericher group, authors
of this works considered single droplet and assumed its
spherical symmetry. The main difference between modeling of spray drying and FSP is considering the effects of
chemical reactions in the last one.
A similar assumption has been applied in (Hamzehlou
et al., 2016) to simulate the dynamic evolution of the morphology of polymer-polymer latex particles. This paper’s
main goal was to consider the formation of clusters of one
of polymers (P1) at the surface of the particles built from
the second polymer (P2). By considering the distribution
of cluster size at different time points, the equilibrium morphology of particles (described as core-shell or hemispherical particles) and non-equilibrium one (a few of P1-clusters
with various sizes deposited randomly on particle P2surface) were recognized.
To sum up—a group of methods based on mass and
energy balance equations has been found and still is widely
used to describe the synthesis of particles with various
morphologies. It also allows tracing the dynamics of the
particle morphology over time and obtaining information
about the quantitative distribution of parameters describing
this morphology. With the help of this method, it is also
possible to determine the structure of non-equilibrium
particles (which are sometimes formed under not properly
selected process conditions). The most important disadvantage of the described method is its relative complexity and
high demand for computing power—and for this reason,
other numerical methods are constructed, which sometimes constitute a better choice when it comes to particle
synthesis description. These methods are described in the
next section.

3.2 Multiple shells model
As mentioned above, the most challenging issue concerning the solution of differential balance equations (e.g.

Jakub M. Gac / KONA Powder and Particle Journal No. 39 (2022) 45–61

modeling the droplet during spray drying process) are the
moving boundaries of drying droplets. To get around this
difficulty, a set of methods in which the droplet is divided
into imaginary regions were proposed. These regions are
characterized by the same value of the concentration of
every solute and the same temperature. This is, of course,
an idealization of real situation and these regions mimic the
parts of dried droplet where these parameters are nearly the
same. This group of numerical methods is usually called
the distributed parameter methods (Wang S. and Langrish
T.A.G., 2009). Because of the spherical symmetry of the
drying droplet, the above-mentioned regions usually have a
shape of concentric spherical shells (the central one is a full
sphere); thus, the described method is also known under the
name multiple shells model (Parienta D. et al., 2011).
The first method from this group simply utilized the
mass balance equations discretized in respect to radial
coordinate (Adhikari B. et al., 2007). Wang S. and Langrish
T.A.G. (2009) have used an explicit form of the concentric
shells to analyze the changes of solute concentration and
temperature in every part of a droplet. Parienta D. et al.
(2011) used the same model for investigations of diameter
and composition change of exhaled respiratory droplets.
Also, similar model has been applied to investigate the
distribution of protein and sugar in an evaporating droplet
(Grasmeijer N. et al., 2016a; 2016b). In the last work not
only the droplet but also the layer of surrounding air was
divided into concentric shells. This allowed the solvent
evaporation rate from the droplet to be simulated directly
rather than using mass transfer coefficients obtained from
semi-empirical correlations.
All these works, however, did not describe the process
of solid particle formation. In fact, as they analyzed the
change of solute concentrations inside the droplets, their
results may be accounted as numerical modeling of the first
step of particle formation.
The second step, i.e. crust formation, has been modeled
in (Gac and Gradoń, 2013a). The scheme of the method
has been presented in Fig. 3. The authors assumed that the
crystallization in this shell starts and the solid crust forms
when in any of the shells (typically, it was the outermost
shell) the supersaturation exceeds the critical value. In
forthcoming time steps, this shell is not considered – the
second shell becomes the outermost. During this period,
the diameter of all the shells stops decreasing and remains
constant till the end of the simulation. Instead, the concentration of all the compounds (including a solvent) in the
central sphere decrease and finally reaches zero. When it
is happened, in this sphere there is no solvent nor solutes
—that means the gas bubble is formed. In next steps the
concentration of solutes in the outermost shell increases
(what may finally lead to the attachment of this shell to
the solid crust) and the concentration of both solutes and
solvent in the innermost shell decreases (what may result

Fig. 3 Scheme of the multiple shell model of (a) a dried droplet and (b)
a wet particle with solid crust (marked in black and white), wet core and
a gas bubble inside.

in the attachment of this shell to the central bubble). This
scheme is repeated until all the shells do not belong to solid
crust or gas bubble.
The multiple shells model, as described above, has
found its application not only for modeling the formation
of NMPs. There are a few works which use a similar model
to describe the thermal evolution of planetesimals (Weiss
and Elkins-Tanton, 2013; Blackburn et al., 2017). These
works describe the changes of temperature profile inside
the spherical planetesimal and the change of aggregation
state of its compounds – they, however, do not consider the
change of the diameter of the body. In (Gac and Gradoń,
2013b) the multiple shells model has been adapted to simulate the evolution of deposits appearing during the drying
of sessile droplets (e.g. the famous “coffee rings”).
It should be stated that the multiple shells model is
characterized by a very simple mathematical apparatus.
The transport of mass and energy is described here entirely
using ordinary differential equations, which can be solved
with not very advanced numerical techniques. However,
for such a description to be applied, the simulation object
(the resulting particle) must have an appropriate (usually
spherical) symmetry. This condition, in principle, limits the
scope of potential applications of the described model to
hollow particles or core-shell particles. However, it is such
a common morphology of particles produced in various
processes that the described model can be considered,
despite significant limitations in its applicability.

3.3 Models based on population balance equations
Population balance equations (PBEs) are widely used
in several branches of modern science, mainly in chemical
engineering, to describe the evolution of a population of
particles. They define how populations of particles develop
specific properties over time, taking into account such phenomena as nucleation, aggregation, coagulation, breakup
of aggregates, evaporation, dissolution, etc. (Vetter et al.,
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2013; Hao et al., 2013).
Moving on to the modeling of synthesis of NMPs, the
PBEs may be applied to describe the evolution of nanoparticles’ agglomeration leading to the creation of the larger
structured particle. This procedure is usually applied to
model the formation of particles by means of spray drying.
Handscomb et al. (2009a) applied the PBE method for
modeling spray drying kinetics. As during spray drying
HPs are often formed, the authors investigated the time it
takes to form a solid crust for various conditions of the process. For a description of the drying of a droplet containing
suspended solids, the dynamics of particle number density
function inside the droplet N(L,r,t) is analyzed, where L is
particle size, r—its radial coordinate (spherical symmetry
of dried droplet is assumed) and t—time. The equation
fulfilled by function N has a form:
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r r
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(7)

where G is the velocity of motion through the state space
of internal coordinates, i.e. the linear growth rate. The
authors
(7) have assumed that this growth rate is independent
of particle size. For solving Eqn. (7) a moment method is
employed to yield the evolution of the first four integer moments of the internal coordinate. In their subsequent work
(Handscomb C.S. et al., 2009b), the same authors extended
their model for droplets drying in the presence of a solid
crust. The improved model incorporates crust thickening,
along with wet and dry crust drying. That allows predicting
not only the kinetics of a particle formation process but also
its final structure: crust thickness and its porosity.
The PBEs method of modeling the formation of particles
during the spray drying process has also been applied in
(Bück et al., 2012). The authors considered the evolution
of the distribution of nanoparticles suspended in dried
droplets with particular emphasis on their aggregation. In
contrast to the above-mentioned works, the effect of droplet shrinking on the PBE was not modeled as an artificial
boundary source but as a flux term in the PBE. The authors
of the discussed study also drew attention to the hierarchical structure of the solid crust formed during drying. They
defined its porosity as εsh, taking into account that the crust
was formed from previously formed aggregates which also
have internal porosity εagg. The model proposed by the authors allowed finding out both the porosities. However, the
potential of these results has not yet been fully exploited.
The modeling of synthesis of structured particles by
means of PBEs seems to be one of the more general
methods. A significant feature of this approach is a lack of
detailed assumptions about the morphology of the formed
particle. E.g. one need not assume that the final particle is
of a spherical shape or spherical symmetry – these proper-
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ties are to be obtained directly from the model.
The downside of the described method may be a relatively large complication of the mathematical apparatus.
However, modern computers make it possible to overcome
this difficulty.

3.4 Models based on single atoms, molecules or
nanoparticles tracking
As it has been mentioned in Sec. 2, many structured
NMPs are synthesized by means of bottom-up methods,
i.e. as a result of joining of atoms, molecules or smaller
particles (hereinafter referred to as the common term
“individuals”) into the desired structure. Therefore, an
obvious method of numerical modeling of such a process
is a direct tracking of the mentioned individuals making up
the particle. This may be done by numerical solution of the
equations of motion of individuals in form:


x

1
F  x, x ,t
m

(8)

In Eqn. (8) ẍ denotes the second derivative of a position
vector of individuals, i.e. the vector of acceleration and F
is a(8)vector of force, which may (or may not) depend on position vector, velocity vector and time. The most common
method in this group is molecular dynamics (MD) which
is widely used for the description of various phenomena
occurring at the atomic or molecular level.
MD algorithms are common for the simulation of the
behavior of structured particles at various conditions. For
example, the alloying reaction in core-shell Al-Ni particle
(Levchenko et al., 2010), changes in structure during the
heating and cooling of such a particle (Song and Wen,
2010), melting behavior of core-shell Pt−Au nanoparticles
(Yang Z. et al., 2008) and many others have been investigated by means of this method.
Of course, MD has also been applied for modeling of
synthesis of structured NMPs. Förster et al. (2019) used
a very simple MD model to investigate the dependence of
a particle structure on the parameters of the interactions
between the atoms. In their investigations, three kinds of
atoms have been considered. The first kind represented an
inert gas (the atoms of this species react neither with each
other nor with atoms of other kinds). Two other species are
reactive and interact with each other by means of classical
Lennard-Jones (L-J) potential:

 σ ij 12  σ ij  6
U ij  4εij      
(9)
 rij 
 rij  
In Eqn. (9) i and j denote the name of species of atoms
(referred as A and B), εij is a parameter describing the
strength
(9) of interaction and σij—a range of this interaction.
By changes of these two parameters, three types of structures of NMPs have been observed. The most important
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parameter influencing the morphology of the obtained
particles turned out to be εij. It appeared that when εBB <
εAA < εAB (i.e. the interaction between atom A and atom B
is stronger than both between two atoms A and two atoms
B) an alloy particle is obtained. When εBB < εAB < εAA,
most of the simulations ultimately result in a core-shell
particle. When εAB < εBB < εAA, the Janus particle is most
frequently obtained, however also quite often (about a third
of the cases), the formation of pure B particles and pure A
particles is observed.
Another example of the application of MD for the formation of structured particles has been applied in (Singh
et al., 2014). In this paper, an MD was used to model the
gas-phase synthesis and growth of silicon–silver (Si–Ag)
hybrid nanoparticles. For simulating such a real system
more advanced model of interatomic interactions has
been applied than L-J potential. While the latter takes into
account the interactions of pairs of atoms, it may be applicable with good accuracy to describing rarefied gases, especially noble ones. However, this model may be too vague
to describe, for example, metals in solid state. In this case,
L-J potential allows insight into qualitative properties of an
inner structure of formed particles. More specific problems
require taking into account collective effects between
atoms. One of the most popular models including these
effects is the embedded atom method (Foiles et al., 1986;
Daw et al., 1993) which is a semi-empirical, many-atom
approximation describing potential for computing the total
energy of a metallic system. This model has been applied
by Singh et al. (2014) to describe the energy of interactions
between Si and Ag atoms. The nanoparticles obtained in
this process had a form of Janus or core-satellite particles.
The simulations allowed concluding that the individual
species first form independent clusters of Si and Ag without
significant intermixing. The formation of stable hybrid
structures took place in the subsequent stages of process. In
addition to MD, other models are used in engineering applications, which also boil down to tracking the evolution
of the system by solving equations describing the dynamics
of individual particles included in it. An example of such
model is dissipative particle dynamics (DPD)—a coarsegrained model, in which functional groups or polymer
segments are considered as individual “particles” (coarsegrained beads) which interact with each other (Español and
Warren, 1995). The forces acting between beds i and j are
given by the formula:

εij 1  rij rc  , rij  rc
Fij rij   f x  
0, rij  rc


(10)

where rij is a distance between beds i and j, rc is a range
of interactions between beds and εij—repulsion parameter,
(10)
characterizing the magnitude of the force of interaction.
The DPD method has been applied in (Chen H. and
Ruckenstein, 2012) to investigate the formation of complex

colloidal particles formed by self-assembling a three-arm
star-shaped polymer. By using this mathematical apparatus,
pathways for a few kinds of structured particle formation
have been identified, e.g. core-shell, multicore or stacked
layered particle. The control parameters in the model were
repulsion parameters between polymer segments and between polymer segments and solvent particles.
Similar methods can be used to track the movement of
nanoparticles as they are used to create larger particles.
Jabłczyńska et al. (2018) presented an experimental and
modeling study of the formation of structured microparticles by spray drying of a droplet of slurry containing
nanoparticles in one or two sizes. The change of droplet
radius during the first stage of drying has been described
by means of mass and heat balance equations as described
in Sec. 3.1. The motion of nanoparticles inside the droplets
has been tracked by direct solving of their equations of
motion. To take into account the diffusion of nanoparticles
inside the dried droplet, these equations have a form of
overdamped Langevin equations:
x  F  x b  Γ t

(11)

Here b denotes a damping coefficient and Γ(t) is a
stochastic
component of the motion. This component rep(11)
resents a white noise with zeroth mean value, i.e. it fulfills
the conditions:
Γ t  0
Γ t1 Γ t 2   2Dδ t1  t 2 

(12a)
(12b)

It has been shown that as a result of spray drying of such
(12a)
droplets,
(12b) solid (full) aggregates or hollow particles built
from nanoparticles may appear. Implemented scenario
depends on the process conditions: the temperature of the
drying gas and the initial diameter of the slurry droplets.
In the case of two sizes of primary nanoparticles and the
formation of HP, self-organization of nanopraticles inside
the crust may also appear. The larger nanoparticles form
a hexagonal pattern while the smaller ones are trapped in
void spaces between larger ones.
The molecular dynamics and related methods should
be considered by far the most accurate models of the
formation of structural particles. Indeed, in the case of
these techniques, we directly follow the behavior of atoms,
molecules or nanoparticles—i.e. the “building blocks” that
form an organized particle. The main disadvantage of this
group of methods is the long computation time. Especially
in the case of the original MD method, a very large number
of differential equations should be numerically solved, corresponding to the number of molecules or atoms involved
in the particle synthesis. It should be emphasized that even
a small particle consists of many hundreds of thousands
or even millions of atoms or molecules (e.g. Förster et
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al., (2019) conducted simulations for 200,000 atoms).
Another problem may be to formulate a realistic model of
interactions between atoms and molecules that make up the
particle. Especially when dealing with a composite particle
composed of metal atoms, one should take into account the
complicated effects resulting from the quantum mechanics
of many bodies. However, it is worth paying attention to
the fact that even a greatly simplified description using the
L-J potential allows obtaining qualitatively (though not
necessarily quantitatively) correct results.
The methods from the group discussed in this section
should be used when interested in a detailed description of
the particle structure. The models presented here allow describing any deviation of the final structure from symmetry.
Also, the analysis of non-equilibrium structures (“failed”
particles, formed under inappropriately selected process
conditions) is possible using these methods (Jabłczyńska
et al., 2018).

3.5 Monte Carlo methods
Monte Carlo (MC) algorithms are another group of
numerical methods which found their application in numerical simulations of structured particles formation. The
beginning of the development of these numerical methods
had its place in the first half of 20th century. However, they
became most popular after the dissemination of computers
in applications for scientific computing. They found an
application not only (and not even most of all) in the simulation of particle formation but also in many branches of
physics, engineering, biology and even social sciences (e.g.
for modeling of the dynamics of political views in society).
In a broader sense of the term, MC methods are understood as methods that use repeated random sampling to obtain numerical results (Metropolis et al., 1953; Metropolis,
1987). The concept that stands for this method boils down
to the observation that the phenomena occurring in systems
with many degrees of freedom can be described with a
good accuracy as random phenomena. A trivial example
is the modeling of diffusion by considering the random
walking of test particles. By tracking these particles, one
may find out, e.g. the dependence of their mean square
distance on time and thus the diffusion coefficient of the
particle. The extension of this simple method is Kinetic
Monte Carlo (KMC) method which is intended to simulate the time evolution of physical process (Voter et al.,
2007). This evolution is realized as a sequence of “jumps”
between individual states of the system. The probability
of all possible “jumps” is known and thus, the “jumps”
are chosen randomly. Such a sequence of states may give
a picture of exemplary realization of the evolution of a
process. By repeating the simulation as described above, it
is possible to describe the average dynamics of the studied
phenomenon and estimate possible deviations from these
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average dynamics resulting from the random nature of its
description.
The very first applications of MC method in particle
formation modeling concerned particle agglomeration.
Tandon and Rosner (1999) applied a very simple MCbased scheme to find the final size distribution of agglomerates. In the mentioned work, the probability of merging
particles/agglomerates has been set as proportional to the
coagulation kernel (obtained from collision theory). In
every MC step, the pair of particles has been randomly
chosen, then a random number from 0 to 1 has been
generated and compared with the probability of merging.
If the random number was lower than the probability,
the aggregation took place. This simple method allowed
obtaining the size distribution function, which was in good
agreement with the one received by means of experiments
or other numerical methods. Other papers presented the
application of MC algorithms for modeling the synthesis
of nanoparticles from microemulsions (Tojo et al., 1997a;
1997b; 1998) and the formation of the shell in core-shell
nanocrystals in reverse micelle systems (Shukla and
Mehra, 2006). All these early works focused on obtaining
the size distribution function of the particles rather than on
their internal structure.
Kinetic Monte Carlo method has also been applied for
modeling the formation of structured particles. Gorshkov
et al. (2014) have modeled shell formation of core-shell
noble metal nanoparticles with a core made from gold and
a shell—from silver or platinum. Based on their earlier
work (Gorshkov et al., 2011), authors have considered the
diffusion of point-like “atoms” (in general, standing for
atoms, ions, or molecules) from the solution to the surface
pre-formed core where they were adsorbed to form a shell.
As a result of these simulations, the mean values of the
parameters of particles (e.g. shell thickness) have been
obtained. The numerical results appear to be in good agreement with experimental ones.
Another very popular group of MC models which have
found their application for modeling of formation of NMPs
are the Markov chain MC methods (Gilks et al., 1995;
Andrieu et al., 2010). The clue of this conception is to
obtain a chain of states of the system so these states have
the desired probability distribution. For typical physical or
engineering problems, this equilibrium distribution is the
Boltzmann (or canonic) distribution which describes the
probability of appearance of a specific state of the system
as (Creutz et al., 1983):
 E 
pB s  exp   s 
 k BT 

(13)

where s denotes the vector of parameters of state, Es
—energy of this state, kB is the Boltzmann constant and
(13)
T—temperature
of the system. Generation of a Markov
chain which has the canonic distribution may be done in
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many ways. The most popular is the Metropolis–Hastings
algorithm. According to this algorithm, one starts from a
randomly chosen state s. To obtain the next state in Markov
chain, the new state s1 is generated by random disturbing of
state s. The new state is accepted as an element of Markov
chain with probability equal to pB s1 pB s . If a new
state s1 would not be accepted, the previous state s appears
once again in the Markov chain. Then the whole procedure
is repeated. Thus, it can be easily (23)
concluded that the states
with a relatively high probability pB appear in Markov
chain more often than those with low pB.
The works in which Markov chain MC methods were
used to model the formation of particles with internal
structure has appeared since the beginning of the 21st century. The synthesis of composite latex particles of various
morphology by means of two-step emulsion polymerization has been simulated using an MC algorithm (Duda and
Vázquez, 2005). The authors considered a mixture of two
kinds of polymers, A and B and water particles W. The
interactions between these three types of individuals are
described by the very simple scheme:

, if r  σ ij
U ij r  
0, if r  σ ij

(14)

where Uij denotes the potential energy between interacting
particles, r—the distance between them, indexes i and j
(14) polymers A, B or water W. Finally, σ is a diameter
denote
ij
of particle i if i = j or, for i ≠ j is defined as σij =
0.5(σii + σjj)(1 + ∆ij). The parameter ∆ij > 0 for every pair i
and j favors the grouping of particles of the same type and
thus separation of the three compounds of the mixture. To
complete the description of the system, the circular domain
is introduced and the energy of every particle which leaves
the domain is also assigned as infinity. The MC simulations
are performed in the classical canonical ensemble. As a result, these simulations lead to (dependently on the concentrations of all the compounds) to various morphologies of
structured particles: core-shell, sandwich-like, raspberrylike and some other.
When investigating the final structure of structured
NMPs rather than the dynamics of the formation process,
MC models have appeared to be more efficient than any
others what has been shown in (Chandross, 2014). In this
paper, the synthesis of core-shell Cu–Ag nanoparticles
has been investigated. Two different methods have been
applied. The first one was MD which has been used to
track every individual Cu and Ag atom during the synthesis
process. The second one was the MC model. The MC
method performed random particle swaps (understood as
the exchange of Cu and Ag atoms at each MC step) with
a small random translation below 0.2 Å. The successive
states have been used to construct the Markov chain in the
manner described above. The simulations show that the
final state of a particle was achieved in a shorter time with

the MC method than with the molecular dynamics.
While most of the applications of MC algorithms
concern core-shell particle formation—this group of methods is also suitable for modeling the formation of other
composite particles. In the article by Sdobnyakov et al.
(2020) various morphologies of composite CuNi particles
obtained by the modified solution combustion synthesis in
the air have been analyzed. The MC simulations showed
the patterns of neck formation for various cases of the
initial arrangement of copper and nickel nanoparticles. The
final structures obtained numerically were again in good
agreement with XRD measurements.
MC methods have also been used for modeling the
formation of porous particles from self-assembly of amphiphilic block copolymers inside an oil-in-water emulsion
droplet (Zheng L. et al., 2019). The authors of this work
used the MC method to obtain the final structure of such
particles what allowed to construct the morphological
diagram of particles as a function of the surfactant concentration and the copolymer composition (represented by the
volume fraction of the hydrophilic block). They observed,
dependently on simulation parameters, various morphologies of particles: non-porous, particles with closed pores
and opened ones.
Among the many modifications of MC, it is worth noting
the dual population balance Monte Carlo method, which
allows tracking the distributions of two kinds of particles
present in the system. In Skenderović et al. (2018) this
method has been applied to simulate the particle formation
by means of flame spray pyrolysis, where the solid particles
may form from the gas phase or by means of droplet drying.
As shown, the MC models are widely used to investigate
structures of NMPs synthesized in many processes. The
main field of application of this group of methods is the
multi-component systems. MC models are then used for
the investigation of the formation of, e.g., composite or
core-shell particles. When we are interested in the structure
of resulting particles, the group of MC methods seems to
be the most suitable tool. However, using these methods
makes it difficult to track the dynamics of the synthesis
and determine the structure of transitional states. This issue
may be approached to a certain extent by the use of kinetic
Monte Carlo methods. When we are interested in synthesis
dynamics rather than in final structures, other numerical
methods are worth considering.

3.6 Other approaches
The previous sections discussed the most popular numerical models for the synthesis of structured NMPs. In
addition to these popular models, each of which has been
described and used in at least a few scientific papers—there
exist also some other models of formation of structured
particles. These models were usually less versatile and
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were constructed ad hoc to describe a specific process that
resulted in forming particles with a well-defined structure.
The possibilities of generalizing such models to other
cases of organized particle synthesis are relatively little.
In this section, one of these less common models will be
presented because of their originality, clever construction
or the importance of the process they describe.
Specific methods have to be applied for the simulation
of the synthesis of HPs by means of colloidal templating
methods. As already mentioned, the starting point for these
methods is the synthesis of CSPs followed by the removal
of the core using physical phenomena such as Ostwald ripening or the Kirkendall effect. The first of these phenomena
is the mass transport from smaller particles (grouped within
the core) to larger ones, which make up the outer layers of
the primary particle (Zeng, 2007). This process is theoretically described by the following continuity equation:
N
  L 

N
0
t
L  t 

(15)

Various methods of solution of Eqn. (15) are reviewed in
(Baldan, 2002).
(15)
Kirkendall effect is the motion of the interface between
two substances (usually metals) that occurs as a consequence of the difference in diffusion rates of the atoms of
both kinds. This leads to the formation of vacancies between
core and shell and shrinkage of the core and finally HPs (or
yolk-shell particles). Therefore, since this phenomenon is
based on diffusion processes, the Kirkendall effect models
boil down to numerical solving of the diffusion equations
of both components under geometrical conditions imposed
by the shape and size of the originally formed CSP. From
a numerical point of view, applied numerical schemes and
methods are typical, e.g. finite difference methods (Gusak
and Tu, 2009; Jana et al., 2013), the variational method of
calculating the chemical potential of the atoms diffusing
along with the core–shell boundary (Klinger et al., 2015)
or the thermodynamic extremal principle which minimizes
Gibbs free energy (Svoboda et al., 2009). Energy considerations have also been applied to the investigation of
random shape fluctuations during the formation of HP from
CSP by Kirkendall effect in room temperature (Erlebacher
and Margetis, 2014). It has been (qualitatively only) shown
that surface thickness fluctuations of the shell are highly
probable at room temperature and may lead to exposure of
the core as a result of arising of some pinholes. When core
dissolves, pinholes quickly close and classic HP is formed.
For considerations of process dynamics and final structures of porous particles, the class of models which may
be named “topological” has been formulated. This class is
based on elementary laws of topology. Papers presenting
this approach (Gradoń et al., 2004; Lee et al., 2010) investigate the formation of porous silica particles by means of
spray drying of a mixture of silica and polystyrene latex
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(PSL) colloids above the decomposition temperature of
PSL. PSL nanoparticles are much larger than silica ones
and during the first stage of drying, they take such positions
that the mutual distances between them are as large as possible. As long as their number in a single drop is properly
selected, they are the vertices of regular polyhedron, e.g.
when there are four PSL particles in a dried drop, their
dots will form a regular tetrahedron. In the second stage of
drying, pores (cavities) will be formed in these places due
to the thermal decomposition of PSL.
Modeling of the formation of virus capsids has been
developed since 1990s. First works in this subject (Zlotnick
et al., 1994) applied the formalism similar to PBEs to de
scribe the dynamics of merging of protein subunits to form
icosahedral capsid. The described model assumes that the
protein aggregates may join or dissociate. However, at each
stage the appropriate value of the angle between the subunits is maintained—the same as the value of the doublewall angle in the icosahedra. Based on this approach, the
kinetics of the concentration of all transition structures and
complete capsids in time is determined. This approach to
modeling the kinetics of capsid formation dominates the
works in this field - sometimes KMC methods are used instead of PBEs (Kivenson and Hagan, 2010). In both cases,
it is crucial to know the energy of interaction between
protein subunits. For the formation of viruses with different shapes of capsid, e.g. tobacco mosaic virus, models
more suited to their topology were elaborated. E.g. for the
tobacco mosaic virus mentioned above, it is the so-called
“zipper model” (Kraft et al., 2012). This model assumes
the elongation of rod-like virus capsid by random binding
of protein subunits along the helical line. In recent years
works dealing with multiscale modeling of capsids formation (Wang B. et al., 2019) have appeared. Besides protein
subunits merging modeling, these models also consider the
protein conformation changes, what is done by means of
MD-based methods.
Recently, multi-scale models and models combining
several approaches described earlier have been gaining
popularity. E.g. Buesser and Pratsinis (2011) proposed the
simulation of gas-phase synthesis of CSPs (TiO2-SiO2) by
coupling of CFD with tracking of single particle motion.
An example of the application of multiscale model may
be found in (Xiao and Chen, 2014). For simulation of
synthesis of two components particles in the spray drying
process, the molecular-level model has been coupled with a
continuum diffusion approach. The latter description gave
the information about the segregation of components in
the particle, while the microscopic one allowed describing
the composition of single molecules at the particle surface.
Similar multi-scale model, basing on CFD has been also
applied for modeling of TiO2 structured nanoparticles by
means of FSP (Torabmostaedi and Zhang T., 2018).
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4. Conclusions and perspectives
Along with the progress of research on structured particles, their synthesis and application, the development of
numerical methods and models is progressing, allowing
predicting the kinetics of formation and properties of these
particles. This subject is still new, which is due to the fact
that numerical modeling of the synthesis of structural
particles, firstly, required appropriate computing power
of computers, and secondly—the development of proper
methods of particle characterization, enabling the verification of the results of numerical simulations. In recent years,
many numerical descriptions of the synthesis of particles
with a given structure have been created and are still being
prepared.
The most popular are (i) methods based on the numerical
solution of the differential equations of mass and energy,
(ii) closely related multi-layer methods, (iii) the molecular
dynamics method and other methods allowing for tracking
individual atoms, groups of atoms or molecules joining
a particle, (iv) methods based on population balance
equations; and (v) Monte Carlo methods. The choice of
the method that will be used to describe and optimize a
specific process for obtaining structured particles depends
mainly on the properties of the particles to be described in
this process. Table 1 presents the possibilities of using the
five most popular methods mentioned above to describe
the synthesis of structural particles of various structures.
As this table shows, molecular dynamics method and similar methods seem to be the most universal. Monte Carlo
methods have an almost equally wide range of applications.
It should be expected that in the near future, these methods
will be most often used to simulate the NMPs synthesis
processes and will be most intensively developed.
The greatest disadvantage of using these two most
popular methods, i.e. the relatively long computation time
Table 1 Usefulness of most popular numerical models for modeling
the synthesis of particles with a specific structure.

Model

HP

CSP

JPs and other
composite

HMB equations

++

+

−

multiple shells

++

+

−

PBEs

++

−

−

MD and related

++

++

++

MC

+

++

++

++ Model has been successfully applied to simulation of
synthesis of this kind of particles.
+ Model might be potentially applied to simulation of
synthesis of this kind of particles but there are no (or single)
papers showing that.
− Model cannot be applied to simulation of synthesis of this
kind of particles.

and the high degree of complexity of the mathematical
apparatus, has prompted and will probably continue to
encourage scientists to develop other, less universal, but
simpler models for the synthesis of particles with a specific
structure. Models are used primarily by practitioners and
experimenters to support their experiences. It is worth continuing to use these types of models where possible, being
aware, however, that their use is limited to the assumptions
made.
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Nomenclature
Abbreviations
CFD computational fluid dynamics
CSP core-shell particle
DPD dissipative particle dynamics
FSP flame spray pyrolysis
HMB heat and mass balance
HP
hollow particle
JP
Janus particle
KMC kinetic Monte Carlo method
L-J
Lennard-Jones potential
MC Monte Carlo method
MD molecular dynamics
NMPs nano- and microparticles
PBE population balance equation
PSL polystyrene latex
Latin symbols
droplet surface (m 2)
Ad
b
damping coefficient in Langevin equation (kg/s)
concentration of solute A inside the droplet (kg/m3, mol/
cA
m3 or other concentration units)
DA, D diffusion coefficient (m 2/s)
energy of the microscopic state (J/mol)
Es
F, F force (N)
G
linear growth rate of particles/cluster (m/s)
heat transfer coefficient (W/m 2/K)
hc
mass transfer coefficient (m/s)
hD
Boltzmann constant (kB = 1.38064852 × 10 –23 J/K)
kB
L
particle internal coordinate (in PBE) – size (m)
heat of evaporation (J/kg)
Lh
m
mass (kg)
mass flux (kg/s)
ṁv
N
particle number density function (m–3)
P
pressure (Pa)
probability (-)
pB
R
normalized radial coordinate (-)
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r
rc
rd
rij

radial coordinate (m)
range of interactions between beds (m)
radius of a droplet (m)
distance between individuals (atoms, molecules, particles) i and j (m)
s, s1 vector of parameters of state (various units)
t
time (s)
T
temperature (K)
temperature of a droplet (K)
Td
temperature of ambient (K)
T∞
potential energy of interactions between individuals
Uij
(atoms, molecules, particles) i and j (J)
x
position (m)
Greek symbols
Γ(t)
stochastic component in Langevin equation (m/s)
δ
Dirac δ-function
parameter describing interactions between individuals
εij
(atoms, molecules, particles) i and j (various units)
λ
heat conductivity (W/m/K)
solvent density (kg/m3)
ρd
saturated solvent vapor concentration (kg/m3)
ρv,s
solvent vapor concentration in the ambient (kg/m3)
ρv,∞
a range of interaction between individuals (atoms, moleσij
cules, particles) i and j (m)
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Review and Further Validation of a Practical Single-Particle
Breakage Model †
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Abstract
Particle breakage occurs in comminution machines and, inadvertently, in other process equipment during handling
as well as in geotechnical applications. For nearly a century, researchers have developed mathematical expressions
to describe single-particle breakage having different levels of complexity and abilities to represent it. The work
presents and analyses critically a breakage model that has been found to be suitable to describe breakage of brittle
materials in association to the discrete element method, either embedded in it as part of particle replacement
schemes or coupled to it in microscale population balance models. The energy-based model accounts for variability
and size-dependency of fracture energy of particles, weakening when particles are stressed below this value, as
well as energy and size-dependent fragment size distributions when particles are stressed beyond it, discriminating
between surface and body breakage. The work then further validates the model on the basis of extensive data from
impact load cell and drop weight tests. Finally, a discussion of challenges associated to fitting its parameters and
on applications is presented.
Keywords: particle breakage, fracture, modelling, impact, compression, discrete element method

1. Introduction
Single-particle breakage tests have long been used to
analyze fracture phenomena (Arbiter et al., 1969; Schönert,
1972; Rumpf, 1973), study energy utilization in comminution processes (Rumpf, 1973; Schubert, 1987; Dan and
Schubert, 1990; Tavares, 1999), analyze the effect of particle size, shape, material properties and modes of loading
on particle breakage characteristics (Yashima et al., 1987;
Tavares and King, 1998; Rozenblat et al., 2012; Saeidi et
al., 2016; Saeidi et al., 2017; Lois-Morales et al., 2020), investigate energy-size reduction relationships (Piret, 1953;
Bergstrom et al., 1961; Rumpf, 1973; Narayanan and
Whiten, 1988; Morrell, 2004) and analyze material deformation response under applied stresses (Schönert, 1991;
Sikong et al., 1990; Tavares and Almeida, 2020).
One application of single-particle breakage information
that has grown significantly in recent decades has been
to support mathematical models of comminution and
mechanical degradation during handling. This information
was initially used as part of phenomenological models of
comminution devices, including ball mills, autogenous
†
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and semi-autogenous mills and cone crushers (Narayanan
and Whiten, 1988; Napier-Munn et al., 1996), as well as
of degradation during handling (Teo et al., 1990; Weedon
and Wilson, 2000), although originally in a fairly simplistic
way. Perhaps influenced by the conditions used in the
standardized twin pendulum, and later also in the drop
weight tester (JKDWT) by the Julius Kruttschnitt Mineral
Research Centre (JKMRC) (Napier-Munn et al., 1996),
attention was initially only given to the relationship between the energy applied and the resulting fragmentation at
relatively high specific impact energies.
From the beginning of the 1990s, research on the discrete element method (DEM) applied to tumbling mills
(Mishra and Rajamani, 1992; King and Bourgeois, 1993;
Morrison and Cleary, 2006) has demonstrated that very few
impacts occur at the high specific energies that are object
of testing in the JKDWT, and that the majority of collisions
occur at impact energies that are either able to only impose
limited breakage to particles or break them only after repeated stressing. This led to recognition of the importance
of deepening the investigation of conditions that result in
primary breakage, including breakage probability, weakening by repeated impacts and progeny size distributions
at very low specific impact energies (Tavares, 2007). This
shed new light into the subject, which had been object
of relatively scattered studies before then (Rumpf, 1973;
Baumgardt et al., 1975; Krogh, 1980; Schönert, 1979;
Yashima et al., 1987). Nevertheless, the importance of very

Copyright © 2022 The Author. Published by Hosokawa Powder Technology Foundation. This is an open access
article under the CC BY license (https://creativecommons.org/licenses/by/4.0/).
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low energy impacts was recognized over 70 years ago by
Fred Bond, when developing the standard crushability test
(Bond, 1947), in which particles are repeatedly stressed at
increasing impact energies until primary breakage occurs
(Tavares and Carvalho, 2007).
A definition that has a central role when dealing with
particle breakage is that of particle fracture energy
(Baumgardt et al., 1975; King and Bourgeois, 1993). It
corresponds to the stressing energy below which the core
of the particle is maintained unbroken, whereas potentially
damaged, while the surface of the particle may lose mass
due to abrasion-like breakage when it is subjected to a
stressing event. This particle fracture energy varies from
particle to particle as well as with particle size and defines
the threshold between massive or body breakage at higher
impact energies and surface breakage that occurs at lower
stressing energies (Tavares and King, 1998).
As mathematical models of different mills, crushers and
handling systems evolved, incorporating information from
DEM, it became evident that more detailed information on
particle breakage was necessary. It is worth mentioning
that several approaches circumvented the need for this
information by either using data from particle bed breakage tests (Datta and Rajamani, 2002) or from the process
itself, by back-calculating the selection function from data
(Capece et al., 2014; Wang et al., 2012). However, they
are not as generally applicable given their more limited
ability to decouple material from process (Tavares, 2017).
As such, the most powerful approaches used in advanced
mathematical models and simulations are particle-based,
that is, require information on how individual particles
respond to stresses, either when they are fully resolved in
the DEM simulation or when they are not. It is important to
recognize that in order to be useful in such models, particle
response must be known under the variety of conditions

Fig. 1

to which it will be subjected to in a comminution device
or a system that can cause mechanical degradation. These
typically include widely varied particle sizes, stressing intensities, geometries and rates of stressing as well as modes
of stress application.
A fairly large number of mathematical models describing
particle breakage has been proposed in the literature, which
may be potentially of use in association to advanced mathematical models and DEM simulations. In most of them
the variable of interest is the stressing energy (Tavares and
King, 1998; Vogel and Peukert, 2003; Morrison et al., 2007;
Bonfils, 2017; Ballantyne et al., 2017), whereas in a few the
variable of interest is impact velocity (Ghadiri and Zhang,
2002; Rozenblat et al., 2012) or force (Rodnianski et al.,
2019). Also, several of these models have been proposed
that relate the size distribution of fragments to the stressing
energy applied, not discriminating between volume or
surface breakage (Ballantyne et al., 2017; Ouchterlony and
Sanchidrián, 2018). These models, however, are not meant
to discriminate particles individually, being only suited to
describe the response of the entire batch. Other models
have been proposed to describe the so-called incremental
breakage, lumping together surface breakage and weakening by repeated stressing (Morrison et al., 2007; Bonfils et
al., 2016), being very limited when used in association to
advanced mathematical models of comminution and degradation. Yet other models focused exclusively on surface
breakage (Ghadiri and Zhang, 2002).
The present work analyzes critically and also presents
further evidence of the validity of a comprehensive mathematical model proposed by the author and his co-workers
over the last 25 years (Tavares, 1997; Tavares and King,
1998; Tavares and King, 2002; Tavares, 2009; Carvalho et al.,
2015; Tavares and Chagas, 2021) and schematically shown in
Fig. 1 to describe several aspects of particle breakage.

General scheme of the breakage model.
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2. Breakage probability
2.1 Body breakage probability distributions
Arguably, the central part of the model is the breakage
probability (Fig. 1). It represents the relationship between
the applied stressing energy and the resulting proportion
of particles that have undergone body or massive breakage
when particles contained in a batch are stressed under
identical conditions. Breakage in this context is defined
arbitrarily as loss of at least 10 % of the particle mass (Dan
and Schubert, 1990; Tavares, 2007). Estimates of breakage
probability may be obtained experimentally from tests in
which lots of particles contained in narrow size ranges
are subjected to impacts by propelling them, one-by-one,
against a target at a controlled velocity or dropping them
under gravity. In this case the mass-specific impact energy
is given by
v2
Ek 
2

(1)

where v is the average velocity at the instant of collision
against the target, which can be obtained, for instance, from
(1)
measurements using a high-speed camera (Cavalcanti et
al., 2021).
(31)
Alternatively, an estimate of breakage probability may
be obtained by impacting particles using a drop weight
tester. Assuming no loss of momentum during drop of the
impactor (free-fall), the specific impact energy may be
given by

Ek 

mgh
mp

(2)

where m is the mass of the drop weight, mp is the average
weight of particles in the lot tested, g the acceleration due
to (2)
gravity and h the net drop height, that is, the distance
between the bottom of the striker and the top
(32)of the particle.
In either case, the estimate of breakage probability for a
given mass-specific impact energy E is given by the proportion broken, represented by the ratio

P Ek  

Nb
N

Nb
α
 z  
N
2

Nb
N

 Nb 
1 

N 

N

(4)

where α is the significance and z is the reduced Gaussian
distribution.
(4)
An example of data collected following this approach
is presented in Fig. 2. Obtained from impact of iron ore
pellets against a target, it exhibits the typical S shape and
asymmetry, evident from the skewness of the distribution
to the right.
A more direct and less time-consuming approach is to
measure directly the energy required to break individual
particles, using either slow compression devices (Sikong
et al., 1990; Tavares, 2007; Rozenblat et al., 2011; Ribas
et al., 2014; Campos et al., 2021) or instrumented drop
weight test devices, such as the impact load cell (King and
Bourgeois, 1993; Tavares and King, 1998; Bonfils, 2017;
Lois-Morales et al., 2020), analyzing the distribution of
data. While requiring more specialized equipment, this
approach has the advantage of demanding significantly
smaller sample volumes. In this approach, the force-

(3)

where N is the number of stressed particles and Nb is the
number of particles that underwent body breakage as a
(3)
result of application of the specific impact energy Ek. Although Eqn. (3) relates numbers of particles, it is assumed
to be equivalent to the mass-based probability, given their
narrow size range. In order to remove ambiguity in identifying which particles underwent breakage during execution
of the test, each should be weighed individually prior to
the test and also after each impact, to verify if loss of at
least 10 % of their mass occurred. The measurement after
the impact becomes obviously unnecessary if the particle
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suffered evident disintegration.
Either when particles are projected against a target
or when a drop weight impacts individual particles, the
specific impact energy Ek is actually a random variable,
subjected to variability owing to the velocity of impact and,
in the case of the later, also due to variability in particle
weight. In addition to that, the proportion broken given by
Eqn. (3) is only an estimate of the breakage probability,
with the uncertainty reducing as the number of testparticles increase, provided no bias existed in selecting
particles for the test. The magnitude of the sampling error
has been estimated (Tavares, 2009) on the basis of the Binomial distribution, so that the confidence interval for the
proportion broken is given by

Fig. 2 Proportion broken as a function of specific impact energy from
propelling fired iron ore pellets contained in the size range 12.5–9.0 mm
against a steel target (data from Cavalcanti et al., 2021). Vertical error
bars are given by Eqn. (4) and horizontal error bars were estimated from
measurements of impact velocity using a high-speed camera.
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deformation profile during loading of each particle is
recorded and the mass-specific particle fracture energy E
is given by numerical integration of the curve up to the
deformation or force responsible for fracture

E

1
mp

Δc

0 F dΔ

(5)

where mp is the weight of each individual particle, F the
load, whereas Δ and Δc are the deformations and the defor(5) at primary fracture, respectively.
mation
Typically, data in these tests present large variability
(Tavares and King, 1998), so that they should be properly
analyzed. A convenient method is order statistics, through
which the test results are ranked in ascending order and the
values i = 1, 2, …, N assigned to the ranked observations,
where N is the total number of valid tests performed. The
cumulative probability distribution estimates for the particle fracture energy are given by

P Ei  

i  0.5
N

(6)

An example of this type of data is shown in Fig. 3 from
impact-breakage of quartz particles. Different probability
(6)
distributions
have been proposed over the years to describe
data such as in Figs. 2 and 3, including the lognormal and
upper truncated lognormal (Baumgardt et al., 1975; King
and Bourgeois, 1993; Tavares and King, 1998; Tavares
and King, 2002), the logistic and log-logistic (Vervoorn
and Austin, 1990; Rozenblat et al., 2011; 2012), the
gamma (Cavalcanti and Tavares, 2019) and the Weibull
distribution (Weichert, 1992; Salman et al., 2002; Vogel
and Peukert, 2004), just to name a few that have been
used to fit such data (Cavalcanti and Tavares, 2018). These
distributions are typically skewed to the right, with either
two or three parameters and with or without a clear upper
limiting (truncation) value. Fig. 3 compares some of the

Fig. 3 Distribution of fracture energies from impact of 200 quartz
particles contained in the size range 1.18–1.0 mm in the impact load cell
device. Data from Tavares (1997).

distributions to data. In particular when dealing with data
from proportion broken, in which results only from relatively a limited number of stressing energies are available
(Fig. 2), several distributions may provide fairly similar fit
(Tavares, 1997), so that the selection of the most suitable
distribution is not straightforward but is often not critical
either. Differences in fit provided by the distribution functions are typically limited to the extremes (tails) of the data.
In particular, the lower tail of the distribution, represented
by the particles that are more amenable to breakage, is
particularly important when describing degradation due to
handling (Cavalcanti et al., 2021). On the other hand, the
accurate description of the upper part of the distribution, in
particular for the coarser particles, is particularly critical
when using the model to predict breakage in tumbling
mills, since it will determine the likelihood that particles
will remain unbroken in spite of the collisions in the mill
(Tavares and Carvalho, 2009).
A distribution that has demonstrated to be able to describe well the variability of the data is the upper truncated
lognormal distribution, given by
P E 

1
2


 ln E *  ln E50 

1  erf 

2σ 2

(7)

and

(7)
E* 

Emax E
Emax  E

(8)

where P(E) represents the breakage probability or the
cumulative distribution, E is the mass-specific fracture
(8) of the particle, which corresponds to the maximum
energy
stressing energy that it can sustain in a collision and not
break, Emax is the upper truncation value of the distribution,
E50 and σ2 are the median and the variance of the distribution, respectively. The upper truncation value is often
represented by the ratio Emax/E50. In the case when this
ratio is equal to infinity, E* = E and Eqn. (7) becomes the
lognormal distribution.
Besides stressing energy, several other variables also
influence breakage probability (Fig. 1). The stiffness of the
surface in contact is such a variable, which is analyzed in
greater detail in 2.2, whereas the important effect of particle
size is analyzed in section 2.3. The effect of impact angle on
the breakage probability has been the object of some studies (Dan and Schubert, 1990; Salman et al., 2003; Tavares
et al., 2018; Cavalcanti et al., 2021). In a comprehensive
campaign of experiments in which iron pellets were propelled against a target (Tavares et al., 2018; Cavalcanti et
al., 2021) it was found that breakage probability, and therefore body breakage, may be described considering only
the normal component of the impact velocity, at least for
impacts at angles that range from 90° (normal) to 30°. The
effects of other variables, such as particle shape, stressing
rate and mode of stressing (single or double) (Fig. 1) have
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been studied in the literature (Tavares, 2007; Bonfils, 2017;
Saeidi et al., 2017; Lois-Morales et al., 2020) but the lack
of a proper understanding on how they affect the several
aspects of breakage for brittle materials in general made it
impossible to properly account for them in the model. As
such, it is advised that the user fits the model parameters
using data that most closely match conditions that dominate in the device that is meant to be simulated.
Adapting Eqns. (7) and (8) to be used to describe discrete particles, such as those embedded in a DEM simulation (Tavares et al., 2020b; 2021) is quite straightforward,
since it only requires randomly sampling the distribution
every time a particle is created.

2.2 Effect of stiffness on body breakage
probability
Analyzes in section 2.1 assumed that the stiffness of a
particle is significantly smaller than that of the surface of
the testing device or machine which is in contact with the
particle. In several instances, however, that is not the case,
so that a correction must be used. Given the local nature of
the contacts involving application of stresses to particles
and assuming validity of the Hertz contact theory (Tavares
and King, 1998; Tavares et al., 2021), the proportion e of
the stressing energy involved in any given event that is
used to deform the particle is given by (Becker et al., 2001;
Tavares and Carvalho, 2011; Tavares et al., 2021)

e

1
1  k p / ks

(9)

where kp is the particle stiffness (Tavares and King, 1998),
ks is the Hertzian stiffness of the surface in contact with
(9)
the particle. For instance, Eqn. (9) may be used to estimate
the proportion of the energy recorded using Eqn. (5) in the
test that was actually dissipated in breakage of the particle.
Since steel surfaces are typically used in the testing devices, with Young’s modulus (Y) of 209 GPa and Poisson’s
ratio of 0.3, their stiffness [ks = Y/(1 – ν2)] is 230 GPa.
The apparent particle stiffness may be estimated using a
convenient procedure in an earlier work (Tavares and King,
1998), whereas a more accurate, but more laborious, measure may be obtained using a procedure that was recently
proposed (Angulo et al., 2020). If the particle stiffness
is significantly lower than that of the surface, then e ≅ 1.
However, in a collision involving two particles of the same
material, then e = 1/2, with the energy being equally shared
between the colliding particles.
In order to assess the validity of Eqn. (9), tests were conducted in an impact load cell device on limestone particles
using different types of impactors. In this modified impact
load cell device a rod rather than a drop ball is used as impactor (Tavares and King, 2004), so that tests were carried
out comparing the specific fracture energies measured us-
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ing steel or hard polymer (Polyether ether ketone or PEEK)
impacting rods. The values of Hertzian stiffness of the
impactors were estimated as 230 GPa for steel and 4.8 GPa
for PEEK, this later calculated on the basis of data from
manufacturer’s catalogs (Young’s modulus of 4.0 GPa
with Poisson’s ratio of 0.4). The median apparent stiffness
for the limestone particles, estimated using the procedure
proposed by Tavares and King (1998) was 6.4 GPa. Fig. 4
shows that the energies required to break particles when
the softer impactor (PEEK) is used are significantly higher
than when steel surfaces are used. These higher values for
the polymeric striker are consistent with the larger dissipation of the energy which results from using a striker with
lower stiffness (Eqn. 9). Considering now the application
of Eqn. (9) considering the stiffness values, Fig. 4 shows
the dashed line, which nearly superimposes to data for the
steel striker, showing that the actual fracture energies of the
limestone particles were independent of the striker used.
It is important to bear in mind that Eqn. (9) only accounts for the elastic part of the deformation (Tavares et al.,
2021). Whenever stressing events occur with significant
contribution from plastic deformation, Eqn. (9) provides
only a conservative estimate. An example of this was the
impact of iron ore pellets against an aluminum alloy plate,
in which Eqn. (9) underestimated the energy dissipated
on the impact surface, leading to incorrect predictions
(Cavalcanti et al., 2021).
This effect of stiffness of the parts in contact can be dealt
with readily using Eqn. (9) either in the case of applying
the model to continuum distributions, such as in microscale
population balance model formulations (Tavares, 2017),
and in discrete forms imbedded in DEM (Tavares et al.,
2020a; 2021).

Fig. 4 Distribution of particle fracture energies of 4.75–4.0 mm limestone (Karslruhe) particles stressed with different strikers in an impact
load cell device. Symbols are experimental data, solid lines the fit to the
lognormal distribution, whereas the dashed line the fit to PEEK striker
after applying Eqn. (9) (data from Tavares, 1997).
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2.3 Size effect on body breakage probability

  d o  φ
E
E50,i 
(10)
1 

1  k p / ks   d i  
where E∞, do and φ are model parameters that must be fitted
to experimental data and di is the representative size of
(10) contained in size class i. k and k are the values
particles
p
s
of Hertzian stiffness of the particle and of the surface of
the device used in measuring the breakage characteristics,
respectively. As such, Eqn. (10) already incorporates the
effect of stiffness of the tools, given by Eqn. (9).
Data from a variety of materials are presented in Fig. 6,
which also shows the model fit. It is evident that the model
is able to represent variations that range from power-law
relationships of fracture energies with particle size up to
cases in which a constant fracture energy is achieved at
coarse sizes. Parameters of Eqn. (10) for these and other
materials are presented in Table 1. Values of parameter φ
vary from as low as about 0.7 to as high as 2. However,

since it describes primarily the power-law increase of the
median fracture energies with the reduction in particle
size, this parameter is more prone to uncertainty, due to the
challenge associated with estimations of fracture energies
at fine sizes, as discussed in section 5.1. Values of parameter do, on the other hand, varied significantly, from values
as low as 0.5 mm to values as high as 200 mm. When this
value lies in the range of particle sizes tested (Table 1),
it may be interpreted as a characteristic dimension of the
material microstructure (Tavares and King, 1998; Tavares
and Neves, 2008). On the other hand, values of do above
these make it simply a fitting parameter with no particular
physical meaning, implying that no clear plateau would
have been reached in the measurements of fracture energies
at coarse sizes.
Fitting all three parameters in Eqn. (10) typically requires data from at least five widely different particle size
classes, ideally spanning at least two size decades. This
is not typically a straight-forward task, since it would
almost certainly require using multiple impact load cell or
compression testing devices, given the different resolutions
required.
Besides the effect of particle size on the median particle
fracture energy, it is also worth examining its effect on the
standard deviation of the distribution (Eqn. 7). For several
materials, the variation of the standard deviation of the
distribution may be considered small or negligible. An example of this is presented in Fig. 7, which shows data from
Fig. 5 plotted as a function of ratio between the specific
particle fracture energy of individual particles and the median value E50 for each size. Since data approximately superimpose, forming a mastercurve, it may be assumed that
the standard deviation of the distribution is invariable with
particle size in the range studied. Values of the variance σ2
have been found to vary, exceptionally, from as low as 0.15

Fig. 5 Distribution of specific particle fracture energies for different
particle sizes of gneiss (Santa Luzia quarry). Symbols represent experimental data and lines the fit to the lognormal distribution (Eqn. 7).

Fig. 6 Variation of median particle fracture energies of selected materials as a function of representative particle size.

Besides stressing energy, the most critical variable influencing breakage probability is particle size. When dealing
with brittle materials, it is expected that the stress or energy
require for their fracture increases as particle sizes reduce
(Schönert, 1979; Yashima et al., 1987; Tavares, 2007).
However, such variation depends on material, with Fig. 5
showing the distributions of particle fracture energies for a
sample of gneiss.
Several expressions have been proposed in the literature to describe the size effect on the median value of the
distribution (Vogel and Peukert, 2004; Rozenblat et al.,
2012). In the present model the effect of particle size on
E50 is described using an expression inspired in reliability
theory (Tavares and King, 1998; Tavares and Neves, 2008),
given by
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Table 1 Values of parameters in the size model for selected materials (Eqn. 10).

Material

Source

Specific
gravity
(g/cm3)

E∞
(J/kg)

do
(mm)

φ

Size range
(mm)

Reference

Apatite

Cantley, Canada

3.21

1.50

19.3

1.62

0.25–8.00

Tavares (1997)

Galena

Park Valley, Idaho

7.40

3.19

7.31

1.03

0.70–7.60

Tavares (1997)

Gilsonite

Fort Duchesne, Utah

1.07

5.50

7.07

1.60

1.18–10.0

Tavares (1997)

Quartz

Karlsruhe, Germany

2.65

43.4

3.48

1.61

0.25–4.75

Tavares (1997)

Sphalerite

Na*

4.10

7.00

8.24

1.16

0.35–10.0

Tavares (1997)

Basalt

Utah

2.59

9.59

3.93

1.96

0.25–7.20

Tavares (1997)

Limestone

Karlsruhe, Germany

2.73

114

0.49

2.05

0.35–5.60

Tavares (1997)

Limestone

Cantagalo, Brazil

2.71

7.0

100.

0.80

0.50–37.5

Carvalho and Tavares (2013)

Limestone

Brazil

2.98

150

0.79

1.30

0.50–37.5

Carvalho and Tavares (2013)

Marble

Vermont

2.68

45.9

0.88

1.76

0.35–10.0

Tavares (2007)

Gneiss

Santa Luzia, Brazil

2.80

48.7

2.78

1.82

0.50–90.0

Tavares and Neves (2008)

Syenite

Vigné, Brazil

2.64

26.5

101.

0.67

0.50–90.0

Tavares and Neves (2008)

Granulite

Pedra Sul, Brazil

2.79

123

0.91

1.68

0.50–90.0

Tavares and Neves (2008)

Bauxite

Paragominas, Brazil

2.40

70.3

14.6

0.91

0.50–75.0

Tavares (2007)

Copper ore

Bingham Canyon, Utah

2.83

96.1

1.17

1.26

0.25–15.8

Tavares (2007)

Copper ore

Green Valley, Arizona

2.83

171

1.37

1.41

0.50–12.5

Tavares (2007)

Copper ore

Sossego mine, Brazil

2.93

60.0

400.

0.45

0.50–90.0

Carvalho and Tavares (2013)

Copper ore

NSW, Australia

2.75

22.5

41.1

0.71

0.35–37.5

Tavares et al. (2020b)

Iron ore

Newfoundland, Canada

3.80

47.3

1.08

2.30

0.25–15.0

Tavares (2007)

Iron ore

Eveleth mine, Minnesota

3.65

164

0.86

1.76

0.35–10.0

Tavares (1997)

Iron ore

Conceição mine, Brazil

2.80

16.8

20.1

0.84

2.36–80.0

Tavares and Carvalho (2011)

Iron ore

Australia

Na*

0.86

200.

1.21

2.36–90.0

Fandrich et al. (1998)

Cement clinker

CEMEX, Mexico

2.49

46.4

6.68

1.09

0.25–12.5

Tavares (1997)

Cement clinker

CEMEX, Mexico

2.49

100

5.04

0.92

0.25–12.5

Tavares (1997)

* Na: not available

to as high as 1.2, with typical values of about 0.7. For some
materials, however, it has been found that the variability of
the distribution increases for finer particle sizes (Barrios et
al., 2011) and expressions that are analogous to Eqn. (10)
have been successfully used to describe the data (Carvalho
and Tavares, 2013). The ratio Emax/E50 also shows the same
general trend as the variance with size. These variations are
typically associated to rocks/ores, which behave as composites at coarser sizes, responding as individual minerals
at finer sizes, with the corresponding wide range of fracture
energies of the components.

2.4 Weakening by repeated stressing events
Fig. 7 Distributions of particle fracture energies of gneiss particles of
different sizes (data from Fig. 5) plotted in normalized form.
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Breakage models in the literature have been proposed to
describe the so-called incremental damage (Morrison et al.,
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2007; Bonfils et al., 2016), which is given by the proportion
of fines generated as a function of repeated stressing. In
these models, however, weakening by repeated stressing is
confounded with the fines associated to surface breakage.
Thus, a more rigorous approach is to describe the increase
in breakage probability with the repeated impacts separately. Indeed, when the specific stressing energy involved
in a collision is smaller than the fracture energy of the
particle, the particle will not undergo breakage (Fig. 1),
but will sustain internal crack-like damage, which will
make it more amenable to break in a future stressing event.
This weakening has been described on the basis of a model
based on continuum damage mechanics (Kachanov, 1958),
through which the specific fracture energy of the particle
will be reduced to (Tavares and King, 2002; Tavares, 2009)
E  E 1  D

(11)

where E′ is the fracture energy of the particle after the
(11) event and D is the damage variable, which is
stressing
given by (Tavares, 2009)


2γ
eE k  25γ
D

 2γ  5D  5 E 

Fig. 8 Proportion broken from drops on a steel surface at different
drop height (or specific impact energies) of 125–75 mm copper ore
(Sossego) particles. Experimental results represent symbols and lines
the model fit (Carvalho and Tavares, 2011).

(12)

where γ, the only fitting parameter in the model, is the
damage accumulation coefficient, which characterizes the
(12)
amenability
of a material to sustain damage prior to catastrophically breaking, and eEk is the specific energy in the
collision available to the particle. Eqn. (12) is implicit but
can be easily solved iteratively with the initial guess D = 0.
The constant γ is typically estimated through tests in
which lots of particles are repeatedly impacted at a given
specific energy and the proportion broken recorded (Eqn.
3). From the distribution of specific particle fracture energies, given by Eqns. (7) and (8) and the model Eqns. (11)
and (12) the optimal value of the constant may be estimated.
This is illustrated in Fig. 8, which compares the model fit to
experiments. Tavares (2009) carried out a comprehensive
study, which demonstrated that the constant γ is typically
independent of particle size, with more limited data showing independence of particle shape. Also, it was observed
that values of γ varied from about 1.5 for materials that are
highly amenable to accumulate damage prior to breakage,
up to 8.1 for materials with exceptionally little amenability
to weaken by repeated stressing, with average values being
in the range of 3 and 4. Finally, it has then been found that
the value of γ is not directly influenced by the mechanical
strength of the particle, but by its microstructure: it is often
lower for materials with complex microstructures, which
are more capable of sustaining damage prior to collapsing
and higher for more brittle materials (Tavares, 2000).
Eqns. (11) and (12) are useful when the model is applied to individual particles, such as when it is embedded
in a DEM simulation (Tavares et al., 2020a; 2021). An

alternative formulation of the model, useful when it is
applied in a continuum, such as associated to microscale
population balance formulations (Tavares and Carvalho,
2009; Carvalho and Tavares, 2013; Oliveira et al., 2020),
is given by

 P E / 1  D  P eE k  
P´E  

1  P eE k 



(13)

which should be solved in association to

 2γ 1  D eEk  25γ
(13)
D

 2γ  5D  5 E 

(14)

where E in Eqns. (13) and (14) represent the fracture energy of the particle after the impact.
(14)
The model does not have a minimum threshold, that
is, as Ek reduces, D vanishes in Eqns. (12) and (14). In
practice, however, a minimum value of Ek is often selected,
for computation efficiency, when using the model, so as to
prevent computing damage in collisions with negligibly
small magnitudes.

2.5 Surface breakage mass loss
In the breakage model the description of surface breakage is certainly in an earlier stage of development than the
models described in sections 2.1 to 2.4. Surface breakage
has been widely investigated as part of attrition studies and
an elegant model has been proposed by Ghadiri and Zhang
(2002). An adaptation of the model for the case when the
controlled variable is the specific impact energy gives
(Cavalcanti et al., 2019)
ξ i  100 κ d i eEk

(15)

where κ is the attrition parameter, fitted from data, and di
(15)representative particle size. This model has been sucis the
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Fig. 9 Average percentage of mass loss per impact of selected
materials dropped by gravity onto a thick steel plate. Gneiss and
granulite: 22.4–19 mm; recycled aggregate: 14–10 mm; iron ore pellet:
12.5–9 mm.

cessfully applied to both natural and recycled aggregates
(Cunha et al., 2014; Moreno-Juez et al., 2021) and iron
ore pellets (Boechat et al., 2018; Cavalcanti et al., 2019).
Unfortunately, it has only been validated for particles
contained in a relatively limited (22–9 mm) range of sizes.
Selected results are presented in Fig. 9 for tests in which
particles are dropped one-by-one by gravity and their mass
loss recorded after each impact, showing the validity of the
model.
Evidently, this model does not account for the fact that
surface breakage tends to deviate from linearity as the
number of impacts increases and neither for the dependency on particle shape, so it may only be used as a first approximation of a rather complex problem. In an attempt to
account for the effect of impact angle on surface breakage,
Cavalcanti et al. (2019) used the total energy dissipated in
the collision, given by the sum of the normal and the shear
energy loss estimated in DEM in place of Ek in Eqn. (15),
obtaining good agreement to data from impact of iron ore
pellets.

3. Breakage distribution
3.1 Breakage distribution function
As mentioned in the introductory section, several models
have been proposed in the literature to describe the progeny
size distribution from single-particle breakage. Several of
them benefit from the fact that when cumulative progeny
size distributions are plotted as a function of the relative
fragment size, that is, the ratio between the sieve size and
the representative size of the parent particles, they superimpose, independently of parent particle size. This representative parent particle size is given by the geometric mean
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Fig. 10 Progeny size distributions from testing syenite particles from
Vigné quarry contained in different size ranges in drop weight testers
(modified from Tavares and Neves, 2008).

Fig. 11 Progeny size distributions from testing gneiss particles from
Santa Luzia quarry contained in different size ranges in drop weight
testers (modified from Tavares and Neves, 2008).

sizes of the initial sieve sizes containing the tested lot.
An illustration of this is presented in Fig. 10, which
shows data for different initial sizes for syenite. In spite of
the scatter, data for the different initial sizes superimpose
reasonably well, demonstrating that such normalization of
data in respect to the initial parent size is valid. This behavior has been explained on the basis of the fractal nature of
breakage of brittle particulate materials (Tavares, 2007).
However, for some materials such normalization is only
valid above a minimum fragment size. This is illustrated
in Fig. 11 for a sample of gneiss. These so-called nonnormalizable fragment size distributions have been identified to be associated to some brittle materials in which
discontinuities concentrate in well-defined size scales,
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creating an inflection point in the cumulative fragment size
distribution (Tavares and Neves, 2008; Powell et al., 2014).
As such, data contained in sizes below this value should be
treated separately, as addressed later in the section.
One convenient method to deal with data such as those
in Fig. 10 is to select particular markers on each curve.
This is the so-called t10 procedure originally proposed by
Narayanan and Whiten (1988). As part of this procedure
the percentage of material passing different 1/nth fractions
of the initial particle size, called tns, are estimated from the
cumulative size distribution, typically interpolated using
cubic splines. Commonly used values of n are 2, 4, 10,
25, 50 and 75. With the aim of representing the progeny
size distribution in greater detail, additional markers
may also be used, including 1.2 and 1.5 (Carvalho et al.,
2015; Ballantyne et al., 2017). In order to illustrate this,
breakage data in Fig. 10 are presented in normalized form
in Fig. 12, which shows that data for each n value follows
well-defined trends as a function of t10. The principle of the
method is that, if the user has an estimate of the t10 value of
the size distribution, likely from an expression that relates
the initial particle size and the specific impact energy, the
entire size distribution can be reconstructed (Napier-Munn
et al., 1996; Tavares, 2017).
Several functional forms have been proposed over
the years to describe cumulative progeny size distributions from drop weight tests, including the cubic splines
(Narayanan and Whiten, 1988; Napier-Munn et al., 1996),
the upper truncated Rosin-Rammler (King, 2001; Tavares,
2004) and combined exponential functions (Ballantyne
et al., 2017). Given its ability to describe data with great
flexibility, the incomplete beta function is used as part of
the present model (Carvalho et al., 2015), given by
t n t10 
100

1

t10 /100

0
β 1
x α 1 1  x
dx

x αn 1(1  x) βn 1dx

(16)

n

0

n





where the cumulative mass of the particles passing a screen
(tn(16)
) with relative size x is calculated by the given t10 value
of the distribution. In the model two parameters (α and β)
must be fitted to each value of n selected. As such, with the
seven n values (1.2, 1.5, 2, 4, 25, 50 and 75) a total of 14
parameters must be fitted from data, which is substantial.
Fig. 12 shows that data can be well described using Eqn.
(16). The equation has also demonstrated to successfully fit
the data for several other materials, as was also evident in
previous publications (Barrios et al., 2011; Carvalho and
Tavares, 2013; Carvalho et al., 2015). Unfortunately, given
the lack of a proper physical description of fragmentation
that would allow extrapolation of data, characterizing the
response of a given material requires extensive testing
over a range of stressing energies and sizes, which is a
time-consuming task. Although it may be argued that each

Fig. 12 Progeny size distributions presented in the normalized t10
versus t n format for syenite from Vigné quarry (data from Fig. 10).

material has its well-defined breakage pattern, so that they
will present different t10 versus tn relationships such as the
one presented in Fig. 12 (Tavares and Neves, 2008), it is
worthwhile to search for a mean distribution that would be
able to describe data for a variety of materials with reasonable confidence.
As such, data from drop weight tests of a total of 40
materials have been gathered (Tavares and Chagas, 2021)
and plotted in normalized axes as those in Fig. 12, with
results being presented in Fig. 13 for selected values of n.
A large scatter in the data appears, but it is also evident that
data can be reasonably well represented using a single set
of curves. The scatter in the graph in a logarithmic scale
suggests the structure of the errors and the validity of the
logarithmic objective function used in fitting the model
parameters (Carvalho et al., 2015).
A more detailed examination of the data (Tavares and
Chagas, 2021) allowed to conclude that the different types
of materials (rocks, ores, cement clinkers and coals) did
not appear particularly segregated in each of the plots in
Fig. 13, which suggests the validity of the generalization
proposed. The only exceptions were iron ores (Tavares and
Chagas, 2021), which were not included in model fitting.
Also, deviations were typically limited to the extremes of
the size distributions, that is, either at the coarse (t1.2 and
t1.5) or the fine (t50 or t75) end.
The list of parameters that resulted from fitting the data
in Fig. 13 is presented in Table 2, covering the 40 materials
(Tavares and Chagas, 2021). These parameters may be
used as default in case of the absence of enough fragmentation data that would allow fitting of the various parameters
in Eqn. (16) for a material of interest.
Fig. 14 is obtained by plotting the various tn values as a
function of normalized fragment size for selected t10 values
using Eqn. (16) with parameters given in Table 2.
Although not included in the present work (Cavalcanti
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et al., 2021), data from projecting particles against a target
could also be well described using the incomplete beta
function and parameters from Table 2.
The normalizable breakage function can then be obtained from Eqn. (16) using the ratio between the fragment
size Di and the parent particle size dj, so that

Bij t10   B x, t10   interp t10 , x

(17)

where x = di/Dj.
As mentioned earlier in the section, there are instances
(17)
in which the normalization approach proposed by the t10
procedure is not valid below a given fragment size D*. This
is the case of the so-called non-normalizable progeny size
distributions, which appear typically when materials have
a well-defined dimension in which discontinuities concentrate (Tavares, 2000). Indeed, non-normalizable breakage
functions have occasionally been used with the population
balance model equations for materials such as iron ores
(Faria et al., 2019; Campos et al., 2019). Table 3 shows
examples of materials whose breakage description required
the non-normalizable part of the breakage distribution.
This behavior can be described in the form of a powerlaw relationship below a minimum normalization size D*,
Fig. 13 Relationship between t10 and selected t ns for a variety of materials, with the exception of iron ores. Solid lines represent the fit to the
incomplete beta function (data from Tavares and Chagas, 2021).
Table 2 Optimal parameters of the incomplete beta function (Eqn. 16)
for 40 materials (Tavares and Chagas, 2021), without including iron
ores.

n

αn

βn

1.2

0.448

10.508

1.5

0.706

7.913

2

0.959

5.780

4

1.105

2.619

25

0.981

0.524

50

0.956

0.339

75

0.934

0.255

Fig. 14 Calculated normalized size distributions using the incomplete
beta function and parameters from Table 2 (Tavares and Chagas, 2021).
Symbols represent the calculated t values for the different n markers,
while lines are cubic spline fits (Eqn. 17) to these values.

Table 3 Fragment sizes below which progeny size distributions are not normalizable for selected
materials (Eqn. 18).
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Material

Particle size – D* (mm)

η

Reference

Vermont marble

0.32

1.46

Tavares (1997)

Utah siltstone

0.15

0.59

Tavares (1997)

IOCC iron ore

0.35

1.83

Tavares (1997)

Pedra Sul granulite

0.17

0.64

Barrios et al. (2011)

Santa Luzia gneiss

0.80

0.80

Tavares and Neves (2008)
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Bij  B Di , d j   Bi  j for Di  D *

(18)

η

D
Bij  B Di , d j   *i  for Di  D *
D 
(18)-1
which shows that the non-normalizable part of the dis(18)-2 is attached to the fine end of the normalizable
tribution
progeny size distribution obtained using the incomplete
beta function (Eqn. 16). Values of the exponent η are shown
in Table 3 for selected materials. It is worth comparing
these to the average slope at fine sizes from the model for
the 40 materials (Fig. 14), which varies from 0.53 at low t10
values to 0.63 (Tavares and Chagas, 2021).
Adapting the present model to describe breakage of
discrete particles in DEM has been carried out by different
methods, depending on the shapes of particles. In the case
of polyhedral particles (Tavares et al., 2020a) these have
been used as part of the Voronoi tessellation scheme to
create the appropriate fragment size distribution and are
implemented in the commercial software Rocky DEM. On
the other hand, in order to represent breakage of spherical
particles in a DEM simulation, families of spherical progeny have been created for a variety of values of t10 using
a procedure described elsewhere (Tavares and Chagas,
2021). This later has been implemented in the commercial
software Altair EDEM (Tavares et al., 2021).
The described normalization procedure only accounts
partially for the effect of particle size. The additional effect
of particle size associated to the increase in resistance to
breakage as particle sizes reduce, as well as the effect of
stressing energy, are described using expressions presented
in detail in section 3.2. In addition to those, studies have
shown that other variables, such as impact geometry
(Tavares, 2007; Saeidi et al., 2016), stressing rate (Saeidi
et al., 2017) and mode of stressing, if single or double
impact (Tavares, 2007), are known to have an influence on
breakage distribution. However, the lack of a proper understanding of their effect made it unfeasible to take them into
account explicitly in the model.
At stressing energies that are insufficient to cause
body breakage, particles will undergo surface breakage.
Carvalho and Tavares (2011) proposed to describe it using
the Gaudin-Schuhmann equation

Aij  1 for d i  d A

(19)

λ

d 
Aij   i  for d i  d A
 dA 
(19)-1

where dA is the top size of surface breakage products,
which
together with λ, must be fit from data. The variation
(19)-2
of these as a function of parent particle size and stressing energy has not been studied in as much detail in the
literature. From tumbling tests dA has been found to vary
typically from about 0.20 to 0.45 mm (Tavares and Neves,

2008; Carvalho and Tavares, 2011). This parameter will
likely be strongly influenced by parent particle size, but the
data are not yet comprehensive enough to characterize such
dependence (Cavalcanti et al., 2021).

3.2 Effect of particle size and stressing energy on
body breakage distribution
In the original t10 method (Narayanan and Whiten, 1988;
Napier-Munn et al., 1996), size-independent relationships
between the stressing energy and the t10 value were proposed. In the present model the relationship accounts simultaneously for the effects of stressing energy and particle
size, this later incorporated in the median fracture energy of
particles (Tavares, 2009),


 beEk 
t10  A 1  exp  


 E50b 

(20)

where A and b′ are model parameters fitted to experimental
data, in which A corresponds to the maximum value of t10
(20)
that
can be achieved when breaking a material in a single
stressing event, whereas E50b is the median specific fracture
energy of particles that underwent breakage. The higher
the specific impact energy Ek in comparison to the specific
fracture energy of the particles, the higher the value of t10
and the finer the progeny size distribution. By using the
median specific fracture energy of the particles that underwent breakage, Eqn. (20) is able to account for the particle
size effect in breakage.
Data from a variety of materials have been fitted to Eqn.
(20) and results are listed in Table 4. Values of parameter
A, representing the maximum t10 value achieved in a single
stressing event, were found to vary between about 40 to 75,
with typical values around 50 %. This demonstrates that
a limiting maximum fineness can be achieved in a single
stressing event on individual particles, regardless of the
intensity of the stressing energy. The product of the parameters (A*b′), which corresponds to the derivative of Eqn.
(20) at the origin, represents the amenability of the material
to fragmentation. Since the toughness of the material is
already captured in the value of E50b, this product actually
characterizes how effectively the stressing energy is used
to create new fracture surfaces and fragments. Its values
range from as low as 0.5 % to as high as 10 % (Table 4). As
such, some grouping in respect to type of material has been
observed (Tavares, 2000), in which materials with simple
microstructures, such as individual minerals or crystals,
present values below about 1 %, whereas most rocks and
ores present values in the range from about 1 and 2 %. Values higher than 2 % have been observed for ores and rocks
with poor intergranular bonding (Tavares, 2000), coals, as
well as some porous materials, such as cement clinkers.
Typical results from fitting the model to data are
presented in Fig. 15, which shows the good agreement
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Table 4 Values of parameters A and b′ (Eqn. 20) for selected materials.

Mineral/ore/rock

Source

A

b′

A*b′

Reference

Apatite

Cantley, Canada

45.4

0.012

0.52

Tavares (2007)

Quartz

Karlsruhe, Germany

38.8

0.018

0.68

Tavares (2007)

Hematite

Québec, Canada

45.6

0.016

0.75

Tavares (2007)

Galena

Park Valley, Idaho

44.5

0.018

0.78

Tavares (2007)

Copper-gold ore

Australia

66.2

0.013

0.85

Tavares et al. (2020b)

Granulite

Embu, Brazil

62.6

0.014

0.90

Tavares and Neves (2008)

Limestone

Utah

54.5

0.018

0.96

Tavares (2007)

Syenite

Vigné quarry, Brazil

58.0

0.017

0.97

Tavares and Neves (2008)

Limestone

Ribeirão Branco, Brazil

46.6

0.022

1.03

—

Copper ore (K)

Bingham Canyon, Utah

44.8

0.026

1.18

Tavares (2007)

Copper ore

Cyprus Sierrita, Arizona

58.9

0.020

1.20

Tavares (2007)

Granulite

Pedra Sul, Brazil

47.5

0.027

1.27

Tavares and Neves (2008)

Iron ore

Conceição Mine, Brazil

44.2

0.029

1.27

Tavares and Carvalho (2011)

Basalt

Utah

52.0

0.025

1.31

Tavares (2007)

Titanium ore

Titania, Norway

51.0

0.027

1.37

Tavares (2007)

Gneiss

Santa Luzia, Brazil

59.7

0.025

1.50

Tavares and Neves (2008)

Limestone #1

Brazil

53.3

0.033

1.76

Barrios et al. (2011)

Cement Clinker A

CEMEX, Mexico

69.2

0.028

1.91

Tavares (2007)

Copper ore (S)

Sossego, Brazil

67.7

0.029

1.96

Barrios et al. (2011)

Limestone #2

Brazil

63.4

0.033

2.09

Carvalho and Tavares (2013)

Cement Clinker B

CEMEX, Mexico

60.5

0.044

2.64

Tavares (2007)

Gold ore

South Africa

44.1

0.060

2.65

Pauw and Maré (1988)

Iron ore

Brazil

60.4

0.051

3.08

Carvalho and Tavares (2013)

Coal

Candiota, Brazil

44.1

0.091

4.01

—

Marble

Vermont

76.3

0.079

6.04

Tavares (2007)

Iron ore

Newfoundland, Canada

65.4

0.158

10.3

Tavares (2007)

between the two. In some cases, however, the scatter is
larger when particles of several sizes are included in the fit,
potentially a consequence of effects that are not accounted
for in the model, such as variation in standard deviation of
the distribution with particle size, impact velocity and particle shape. The direct connection in the model between the
breakage probability and the fragment distribution, offered
by the normalizing value of E50b in Eqn. (20), is considered
an important feature, which renders internal consistency in
the model.
Adapting the model given by Eqn. (20) to describe
breakage of discrete particles results in the modified equation (Tavares et al., 2021)

Fig. 15 t10 as a function of impact energy for different particle size
ranges of limestone #1.
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bkeE k
´  A 1  exp  
t10


E






(21)

where k is a variable introduced because the mean and the
median values of the distribution do not coincide (Tavares
(21)
and
Chagas, 2021). This expression has been used in as-
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sociation to discrete implementations of the model for the
case of either spherical (Tavares and Chagas, 2020; Tavares
et al., 2021) or polyhedral particles (Tavares et al., 2020a)
in DEM.

4. Model implications
4.1 Primary body breakage function
In several mills and crushers, the breakage distribution
function is widely used to describe the average size distribution from each stressing event inside the devices, playing
a central role in traditional population balance models
(Austin et al., 1984; King, 2001). In practice, rather than
a true material property, it represents the result of model
fitting, at best estimated on the basis of the size distribution
from short grinding times (Austin et al., 1984).
For the case in which the particle is stressed with the
minimum energy to produce body breakage, the resulting
fragment distribution is called primary single-particle
breakage function (Saeidi et al., 2016). In the few studies
that attempted to measure directly this primary breakage
distribution function of individual particles, Bourgeois
(1993) estimated in about 2 % the value of t10 for quartz
particles under double impact (Saeidi et al., 2016), whereas
the corresponding value was about 1 % for iron ore pellets
subjected to single impact (Cavalcanti et al., 2021). Tavares
(2009) then demonstrated, for a sample of limestone, that
it did not vary after each repeated impact. The importance
of this primary single-particle breakage function has been
demonstrated by Saeidi et al. (2016), who showed that it
was possible to predict the response of a material in a drop
weight tester to higher impact energies on the basis of this
primary breakage function, besides Eqn. (10) and empirical
functions representing probability of selection of fragments
to secondary breakage. This has also been demonstrated to
be valid in DEM environment, where the size distribution
from higher impact energies could be predicted using
the breakage model in the case of polyhedral particles
in Rocky DEM (Tavares et al., 2020a) and Altair EDEM
(Tavares et al., 2021).
The present model allows estimating this primary breakage function by considering the case in which eEk ≅ E in
Eqn. (21), giving

Fig. 16 Primary breakage functions for selected materials, obtained
by fitting single-particle breakage data to the incomplete beta function
for t10 given by Eqn. (22).

the experimental measurements by Bourgeois (1993) and
Cavalcanti et al. (2021), values estimated using Eqn. (22)
are likely an underestimation of the actual value. Nevertheless, they may be considered generally valid, given the
challenge in estimating directly the primary body breakage
function.
With the aim of illustrating the variations encountered
for different materials, Fig. 16 compares primary body
breakage distribution functions for selected materials estimated using this approach. It shows the variations in shape
and position of the primary fragment size distributions,
representing differences in fragmentation pattern, with the
single-phase materials (minerals) generating less fines than
rocks/ores (Tavares, 2000).

4.2 Predicting the outcome of a single stressing
event
Arguably, the simplest demonstration of the application
of a breakage model is to predict the outcome of a single
impact on individual particles, such as in drop weight tester
(Napier-Munn et al., 1996; Tavares, 2007). The outcome of
this single impact event, considering both body and surface
breakage, may be described by the mass balance given by
(Tavares and Carvalho, 2011)
wi*  wi 1  Pi eE k  1  ξ i eE k 
i

´
t10

 A 1  exp b

(22)

Given the values of the constants A and b′ (Table 4) and
since
(22)at such low impact energies the constant k in Eqn.
(22) may be considered equal to about 0.95 (Tavares and
Chagas, 2021), then the resulting t10 values corresponding
to primary breakage range from as low as 0.5 to, exceptionally, higher than 5 %. As such, from comparison with

(23)

w j Pj eE k  bij eEk   ξ i eE k  1  Pj eEk  ai
j 1

where wi* and wi are the weight fractions of the material
contained in size class i after and before the impact event,
(23)
respectively. ξi is the fractional generation of surface
(33)products, aij is the surface breakage distribution
breakage
function and bij is the energy-specific body breakage distribution function. The term [1 – Pi(eEk)][1 – ξi(eEk)] on the
%%%%%%%%%%%%%%%%%%%%%%%
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right-hand side of Eqn. (23) represents the mass fraction
of material that did not suffer body breakage during the
stressing event and remained in the original size, whereas
the term Σ ij 1w j Pj eE k  bij eEk  represents the proportion
of material from size classes i and coarser that suffered
body breakage and generated fragments reported to size
class i. The
(35)term Σ ij 1w j ξ i eE k  1  Pj eE k  ai gives the
cumulative proportion of surface breakage products that reports to size class i. Pi(eEk) is the probability that a particle
contained in size (36)
class i will suffer body breakage when it
captures energy eEk from a collision event.
When varying the specific impact energy applied to a
batch of particles, breakage can transition from no body
breakage at very low impact energies, where all particles
undergo only surface breakage, to body breakage of all
particles at high impact energies. In between these are
impact energies in which a fraction of the particles underwent body breakage, whereas the remainder only suffered
surface breakage. This is illustrated in Fig. 17 for particles
of Pedra Sul granulite. In the figure, stressing energies
above 360 J/kg were able to produce body breakage in
the first impact on all particles, whereas those at 9 J/kg
produced only surface breakage. For stressing energies
between these, only a fraction of the particles underwent
body breakage, resulting in size distributions that represent
the transition between surface and body breakage. Unfortunately, validation data are available only for the higher impact energies, since at the lower impact energies the small
amount of surface breakage products makes collection of
accurate data a challenging task.

Fig. 17 Progeny size distributions from impact of 31.5–26.5 mm
granulite (Pedra Sul) particles in a drop weight tester at variable specific
impact energies. Large symbols represent experiments and lines and
small circles model predictions. σ = 0.90, κ = 4 × 10 –4 kg/mmJ. Other
parameters given in Tables 1 and 4.
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5. Discussion
5.1 Breakage testing and model fitting
The breakage model contains a variety of parameters
that must be fitted on the basis of experiments. Although
some parameters, in particular those related to the fragment
size distribution, may be assumed as default, since their
variation for different materials may be relatively limited
(section 3.1), experiments are required to estimate the
several remaining ones. The originally proposed and most
direct approach to estimate parameters from the model was
based on the use of the impact load cell device (Tavares,
2007). It is an instrumented drop weight tester in which the
minimum energy required for primary fracture (Tavares
and King, 1998) as well as the net energy absorbed
(Tavares, 1999) may be estimated for each individual particle. Besides that, repeated impact tests have then been used
to estimate the damage accumulation parameter (section
2.3), whereas the fragment size distributions from different
impact energies served as the basis to fitting the parameters
in the model described in 3.2. Slow compression tests can
also be used to estimate the fracture energy distribution
of particles. Data from non-instrumented devices can also
be used to estimate the parameters in several of the model
equations. For instance, the breakage probability distributions may be estimated from either standard drop weight
tests (Baumgardt et al., 1975) or tests in which particles
are projected against a target (Dan and Schubert, 1990;
Cavalcanti et al., 2021). These later are particularly relevant when modeling with the aim of simulating material
degradation during handling.
Although the detailed analysis of the experimental procedures and devices used to fit parameters in the breakage
model is beyond the scope of the present work and is well
covered in other publications (Tavares and King, 1998;
Tavares, 2007; Rozenblat et al., 2012; Ribas et al., 2014;
Bonfils, 2017), it is worthwhile to highlight some important issues related to the tests. Indeed, one key challenge
when estimating the fracture energy of individual particles
using Eqn. (5) is the identification of primary fracture.
This primary fracture or primary body breakage point is
given by the condition in which the force suddenly drops,
given the inability of the particle to continue transmitting
stresses. Such condition is relatively straightforward to
identify in some cases, such as in Fig. 18a, which is often
found from testing regularly-shaped brittle particles. In
these cases separation of newly created fracture surfaces
is rapid, resulting from propagation of a major crack
through the entire particle, facilitating the identification of
the fracture point, given the sudden drop in load. In other
cases, however, identifying the instant of fracture can be far
more challenging and amenable to subjective judgement. A
few examples of such cases are also illustrated in Fig. 18.
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Fig. 18 Typical force-time profiles from breakage of single particles of 12.5–9.0 mm iron ore pellets and their fragments in an impact load cell device.
Arrows depict presumed primary breakage point.

Fig. 18b shows the case in which the particle suffered chipping at approximately 100 ms, but that primary breakage
is still relatively straightforward to identify. This response
is often found while testing highly irregularly-shaped particles, in which a small fraction of their volume becomes
subjected to concentration of tensile stresses early in the
test, causing the appearance of such superficial cracks. Yet
in other cases either multiple peaks appear (Fig. 18c) or no
clear fracture point may be identified (Fig. 18d), requiring
some subjectivity in identifying the fracture load. Challenges such as these appear in association to testing more
deformable and/or less brittle materials. This can be associated to cases in which either a single crack or several cracks
grow sub-critically, being responsible for not such a clear
reduction in load at primary fracture. However, since no
relative motion of the fragments occur, due to the limited
brittleness of the particle, the fragments continue to be able
to sustain load, preventing a drop in load-bearing ability of
the particle and, therefore, identification of the instant of
primary breakage. Techniques that can be used to assist in
interpreting these results will be analyzed in greater detail
in a future publication.

A few useful guidelines when conducting experiments
with the aim of estimating the distribution of particle fracture energies are:
● Particles should be contained in very narrow size ranges,
ideally resulting from sieving following a 4 2 series;
● Particle selection for the test should be conducted
randomly, so as to guarantee that each lot tested has
approximately the same average weight; (37)
● Sample preparation should be carried out carefully, so
as to avoid the use of crushing processes that may be
responsible for generating flaky material, such as roll
crushing (Gupta, 2016). Ideally either no crushing or
the adoption of the size reduction process that is meant
to be used in the targeted industrial operation should
be preferred. Also, size reduction processes which are
known to induce cracks in particles, sub as high-pressure
roll grinding (Tavares, 2005), should also be avoided,
whenever possible, in this task;
● Differences in particle shapes introduce variability in the
distribution (Tavares, 2007; Lois-Morales et al., 2020).
One possibility to deal with this is to segregate particles
contained within the 4 2 series according to mass and

(37)
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test separately. If that approach is not used, particles
should be randomly selected and the size of the tested lot
increased accordingly with the variability;
● The number of particles tested in each size range must be
at least 30, but should increase as the variability of particle composition and shape in the sample also increases,
so that 50 or 100 are typically optimal;
● In the case of tests in impact load cell devices, it is advisable to select an average specific impact energy for the
test (Eqn. 2) that is just high enough to break the toughest particle in the lot. The use of specific impact energies
that are much higher than those must be avoided, in particular in the case of testing less brittle materials, since
they can lead to greater difficulty in identifying properly
the load responsible for primary fracture (Fig. 18d).
While particles in the size range from 100 mm (Fandrich
et al., 1998; Tavares, 2007) down to 0.25 mm (Tavares
and Cerqueira, 2007) have been tested in impact load cell
devices, the greatest challenge lies in measuring fracture
energies of particles contained in the lower range and
even finer sizes, given the tedious nature of testing single
particles and the limitation in the resolution of the devices.
Some researchers have demonstrated the potential of measuring the strength and fracture energies of fine particles in
special devices (Steier and Schönert, 1972; Yashima et al.,
1979; Sikong et al., 1990; Antonyuk et al., 2005; Nguyen
et al., 2009; Yan et al., 2009). Ribas et al. (2014) showed
the potential of using a commercially-available micro compression tester to measure the fracture energy distributions
of single particles in the 45–37 μm size range, whereas
Campos et al. (2021) recently applied it to test iron ore
particles contained in the range of 45 to 150 μm, with good
results. Nevertheless, due to the challenge in measuring
breakage characteristics of single particles down to such
fine sizes, some indirect estimation approaches have been
proposed. Barrios et al. (2011) proposed testing particles as
fine as 150 μm contained in monolayer particle beds, combining them to data from single-particle breakage tests at
coarser sizes, and estimating the breakage parameters from
back-calculation, with reasonable success. More recently,
Tavares et al. (2020b) proposed combining measurements
of particle fracture energies of particles at relatively coarse
sizes to data from impact tests using a rotary breakage
tester. This allowed estimating selected material breakage
parameters of a copper-gold ore down to 350 μm (Tavares
et al., 2020b).
Yet another alternative to estimate breakage parameters
in Eqn. (10) is to back-calculate them from batch grinding
tests, assuming that predictions using the UFRJ mechanistic mill model (Tavares and Carvalho, 2009; Carvalho
and Tavares, 2013) are strictly accurate. This approach has
been used to estimate breakage parameters of an iron ore
from batch milling data (Carvalho et al., 2021) as well as of
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limestone to stirred milling data (Oliveira et al., 2020). In
these cases, the parameters from Eqns. (7), (12), (16) and
(20) were taken from similar ores.
Evidently, errors can appear in estimates from backcalculation, since they rely on the validity of the various
assumptions. In the particular case when only batch
grinding results are used, errors may be associated to the
fact that any limitation in the mill model in describing the
phenomenon would inevitably contaminate the estimates
of material breakage parameters, partially contradicting the
very approach of the advanced models in fully decoupling
material from process. In addition to that, this approach
also requires that some parameters be taken from similar
materials, which also involves a potential source of bias,
since each material is intrinsically unique in regard to
breakage response.
As discussed in section 3.3, more effort should be
dedicated to modeling the primary breakage function
from single-particle breakage, given its central role in the
application of the model in particular to discrete systems
in DEM. One device that could be useful in this task is
the rigidly-mounted roller mill, which crushes particles
nearly individually between rigidly-mounted rollers with
carefully controlled gaps (Böttcher et al., 2021). In spite
of challenges in measuring the energy required to break
particles contained in the finest sizes studied (45 μm), it
provided good estimates of the size distribution of particles
under stressing conditions that approach the minimum
required for fracture (Campos et al., 2021).

5.2 Model applications
The breakage model described has been used either in
complete form or in parts in simulating different systems of
interest using a variety of approaches. In its discrete form
it has been embedded in DEM as part of different particle
replacement schemes. Initially, a cutdown version of the
model, which did not incorporate description of weakening
by repeated impacts (section 2.4), was implemented in
EDEM (Jiménez-Herrera et al., 2018; Barrios et al., 2020),
demonstrating some ability to describe breakage in both
confined and unconfined particle beds. A more complete
version of the model, incorporating a new stochastic
description of particle replacement (Tavares and Chagas,
2021) was implemented in an updated version of EDEM
(Tavares et al., 2021), demonstrating very good ability
to predict unconfined breakage of particle beds. Both
approaches were based on spherical particle replacement,
which has the advantage of computational efficiency. This
later implementation also incorporated description of the
unresolved fines, which were added upon completion of
the simulation to the size distribution given by the resolved
spheres. The more complete version of the model has also
been implemented in the commercial software package

Luís Marcelo Tavares / KONA Powder and Particle Journal No. 39 (2022) 62–83

Rocky DEM (Tavares et al., 2020a). Such implementation,
based on breakage of polyhedral particles, provided very
good predictions of breakage in unconfined particle beds
(Tavares et al., 2020a) and cone crushing (André and
Tavares, 2020).
The breakage model has also been widely used as part
of advanced models of crushers and mills. For instance,
Austin (2004a; 2004b) used the damage model from
section 2.4 in a phenomenological model of high-speed
hammer milling. The full version of the breakage model
has been used to predict degradation during handling of
materials (Tavares and Carvalho, 2011). It has also been
used, coupled to DEM, to model crushing in a vertical shaft
impact crusher (Cunha et al., 2014), as well as of degradation of recycled aggregate in a high-shear mixer (MorenoJuez et al., 2021). The modeling approach has also been
used to predict degradation of iron ore pellets during
handling using slightly customized mathematical expressions (Cavalcanti et al., 2019; 2021; Tavares et al., 2018).
The widest use of the model has been in association to a
microscale population balance formulation, called UFRJ
model, to describe grinding in media mills, including ball
mills (Tavares and Carvalho, 2009; Carvalho and Tavares,
2013), semi-autogenous mills (Carvalho and Tavares,
2011) and stirred mills (Oliveira et al., 2020; 2021). A version of the ball mill model of continuous milling with some
simplifications is available in the state-of-the-art mining
and mineral processing plant simulator IES (Integrated
Extraction Simulator).

6. Summary and conclusions

autogenous and semi-autogenous, being even available
(ball mill model) in the plant simulator IES.
While being able to account for several important
variables that influence particle breakage, challenges are
identified in application and fitting of the model parameters
for particular applications. Being a single-particle-based
model, challenges exist in estimating breakage parameters
for fine particles. Establishing the validity of novel testing
devices as well as of back-calculation approaches, is an
important task. Further, modifications in the model in order
to make it applicable to describe breakage of non-brittle
materials (Tavares and Almeida, 2020) is another worthwhile task for advancing model applicability. Finally,
models describing surface breakage, which are particularly
relevant in predicting mechanical degradation during
handling, require more attention, since they are still at a
comparatively earlier stage of development and validation.
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Nomenclature
A

A practical model describing breakage of single particles
has been proposed over the last 25 years. It discriminates
body and surface breakage, accounting for the body breakage probability through the upper-truncated lognormal
distribution. It is able to predict breakage by repeated
impacts owing to a model describing weakening based on
continuum damage mechanics. Body-breakage progeny
size distribution is described using the incomplete beta
function, which also considers the exceptional cases in
which the material exhibits non-normalizable breakage
response. With an empirical expression that describes the
stressing energy and size-dependent breakage intensity,
it can predict the size distribution of fragments from any
stressing event.
This breakage model has been implemented and is
now an integral part of particle replacement schemes embedded in commercial DEM software (Rocky DEM and
Altair EDEM), through which it may be used to simulate a
number of industrial processes of interest. It has also been
incorporated in microscale population balance models describing several mill types, namely ball mills, stirred mills,

Aij
aij
b′
Bij
bij
D
Di
D*
dA
di
do

parameter of the t10 versus specific impact energy
relationship (%)
proportion of particles finer than size i generated
from surface breakage of particles in size class j (-)
proportion of particles contained in size class i
generated from surface breakage of particles in size
class j (= Ai–1,j – Aij) (-)
parameter of the t10 versus specific impact energy
relationship (-)
proportion of particle finer than size class i resulting
from body breakage of particles contained in size
class j (-)
proportion of particle contained in size class i
resulting from body breakage of particles contained
in size class j (= Bi–1,j – Bij) (-)
damage variable (-)
sieve size (m)
minimum normalization size (m)
maximum size of surface breakage products (m)
representative size of particles contained in size
class i (m)
parameter describing the variation of the particle
fracture energy with particle size (m)
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e
E
Ek
Emax
E50
E50b
E*

E′
E∞
F
g
h
k

kp
ks
m
mp

mp
Nb
N
(51)
P(Ek)
tn
t10
v

wi

(52)
x
Y
z
α
αn
βn
γ
Δ
Δc
η
κ
λ
ν
ξi
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proportion of the impact energy dissipated in the
particle (-)
mass-specific fracture energy of the particle (J/kg)
specific impact energy (J/kg)
upper truncation value of the distribution (J/kg)
median specific fracture energy (J/kg)
median specific fracture energy of particle that
broke in an event (J/kg)
variable used to incorporate the upper truncation
in the lognormal distribution of particle fracture
energies (J/kg)
fracture energy of the particle after the stressing
event (J/kg)
parameter describing the variation of the particle
fracture energy with particle size (J/kg)
force (N)
acceleration due to gravity (m/s2)
net drop height (m)
variable introduced to correct the bias of using the
median instead of the mean value of the distribution
(-)
apparent particle stiffness (GPa)
apparent surface stiffness (GPa)
mass of the drop weight (kg)
weight of each individual particle (kg)
average weight of particles in the lot tested (kg)
number of particles that underwent body breakage
(-)
number of stressed particles (-)
proportion broken in impact of magnitude Ek (-)
proportion passing 1/nth of the parent particle size in
the fragments of a stressing event (-)
proportion passing 1/10th of the parent particle size
in the fragments of a stressing event (-)
average velocity at the instant of collision against
the target (m/s)
weight fraction of material contained in size class
i (-)
relative fragment size (-)
Young’s modulus (GPa)
reduced Gaussian distribution (-)
significance level of the confidence interval
parameter of the incomplete beta function for tn (-)
parameter of the incomplete beta function for tn (-)
damage accumulation coefficient (-)
deformation (m)
deformation at primary fracture (m)
parameter describing the shape of the nonnormalizable part of the breakage distribution (-)
attrition parameter (kg/mmJ)
parameter in the non-normalizable body breakage
function (-)
Poisson’s ratio (-)
proportion of attrition products (-)

σ
φ

standard deviation of the lognormal distribution of
fracture energies (-)
parameter describing the variation of the particle
fracture energy with particle size (-)
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Abstract
Inherent challenges regarding the rheological characterization of slurries of elongated particles have necessitated
the development of alternatives to standardized rheometers. These methods of measurement, and the associated
advances in the quantification of shear and normal stress measurements, are described. Also, recent advances in
modeling and predictive capabilities are summarized. During shearing flows, confinement substantially influences
the orientation distribution of the particles; this change in the microstructure impacts the rheology, even as the
smallest confining dimension exceeds seven particle lengths. The slow development of the orientation distributions
renders additional difficulties in evaluating the rheology. Achievements of the measurement methods include a
universal shear viscosity as a function of concentration for a wide range of particle lengths to diameters (aspect
ratios). The jamming limit (divergence of the viscosity with concentration) of the suspensions has been also
shown to scale differently than for spheres. More general dynamics of the suspensions and the additional needs for
measurement improvements are discussed.
Keywords: rheology, concentrated slurries, fibers, microstructure

1. Introduction
Suspensions, a class of complex fluids wherein an insoluble phase, either a solid or a liquid is dispersed in a liquid
(Larson, 1999), are ubiquitous in nature. Suspended particles can be spherical or near-spherical, discs, or elongated
in the form of fibers, and can be rigid or soft and flexible.
Suspensions occur naturally, with macroscale examples
such as lava and silt-laden rivers where the solid particles
are anisotropic and polydisperse. At the microscale, blood
is an example of another natural suspension where disc-like
platelets are suspended in plasma. These suspensions can
be further categorized on the basis of their particle sizes
as Brownian and colloidal with sizes on the order of tens
of nanometers to a few microns, to non-Brownian and
non-colloidal for particle sizes larger than a few microns.
In industry, suspensions of non-colloidal particles are
found in a wide variety of applications. Transport and processing of slurries containing wood fibers in the manufacture of paper products is an example where the particles are
long and flexible (Lundell et al., 2011). Rod-like particles
and flexible fibers are added to materials to create compos†
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ite materials with enhanced strength and performance, as
with fiber-reinforced concrete (Hassanpoura et al., 2012).
Fibers, both rigid and flexible, are also added to modify the
rheological properties of fluids used in the production of
oil (Bivens et al., 2005; Elgaddafi et al., 2012; Hammond,
1995; Osiptsov, 2017). In contrast, the presence of fibrous
minerals can have a detrimental impact on the operation of
flotation processes (Patra et al., 2012; Somasundaran et al.,
2019), which are often used at mining sites to separate high
value minerals from a slurry.
Various trade-offs exist while designing and operating
processes that contain particle suspensions. Decisions often
center on the balance between high energy usage at high
particle concentrations and high suspending fluid usage at
low particle concentrations. Regarding the latter, concerns
regarding overuse of water resources have been associated
with many industries, including the example of mining and
the operation of on-site flotation processes (Liu et al., 2011;
Rao and Finch, 1989). At the other limit of high solids
content, the viscosity of the suspension increases and even
diverges as the solids content approaches maximum packing. As an immediate consequence, the power requirements
for pumping and mixing suspensions can increase significantly, thereby significantly increasing processing costs.
Reliable, quantitative information on the rheology of
suspensions can assist in managing these trade-offs. For
suspensions of spheres that are non-Brownian and noncolloidal, there has been considerable development of

Copyright © 2022 The Authors. Published by Hosokawa Powder Technology Foundation. This is an open access
article under the CC BY license (https://creativecommons.org/licenses/by/4.0/).

Saif Shaikh et al. / KONA Powder and Particle Journal No. 39 (2022) 84–99

rheological models. For volume fractions ϕ < 0.02 (i.e the
the ratio of the total volume of the suspended particles to
the total volume of the suspension), the viscosity ηs increases linearly according to Einstein’s equation (Einstein,
1906),
5
ηs  ηf 1   
 2 

(1)

where ηf is the viscosity of the suspending fluid. Higher
order corrections for suspension viscosity have been de(1)
termined which extend the range of the volume fraction
(Batchelor and Green, 1972). However, the complexity
of the problem quickly surpasses analytical capabilities
as the concentration is increased, and computational
methods such as the Stokesian dynamics method (Brady
and Bossis, 1988) must be employed in order to make
progress on calculations of rheology based on first principles. Experimentally characterizing the rheology of
concentrated suspensions of spheres can pose difficulties
as well. Acrivos (1995) summarized discrepancies among
published reports on the shear viscosity and attributed the
differences to a number of effects including shear-induced
migration (Leighton and Acrivos, 1987), which causes a
non-uniform distribution of particles within the testing
geometry. One generally accepted correlation for the
shear viscosity of suspensions of non-Brownian spheres
in Newtonian fluids over a wide range of volume fractions
is given by the Krieger-Dougherty equation (Krieger and
Dougherty, 1959),
 

ηs  ηf 1 



m 

ηm
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where ϕm is the maximum volume fraction at which the
particles pack randomly and [η] ≈ 2.5. Still, some debate
(2) regarding rheological properties of concentrated
persists
suspensions of spheres, such as the sign of the first normal
stress difference (Guazzelli and Pouliquen, 2018).
Making well-informed decisions regarding processes
that utilize suspensions of particles that are non-spherical
is hampered by a relative lack of data and incomplete information on how to interpret that data. In the specific case
of suspensions of elongated particles, though the viscosity
scales with an increasing particle volume fraction, the
relationship is much more complex. As an example, Fig. 1
shows rheological data obtained experimentally by Tapia
et al. (2017) for rigid polyamide fibers of different aspect
ratios and particle diameters. It is evident that the particle
shape has a significant impact on the rheology, and hence
equipment design as well as operating decisions must
consider these factors. However, obtaining reliable and
accurate rheological data can be challenging for these types
of suspensions composed of large rigid fibers at high concentration owing to confinement effects and the tendency
of the suspension microstructure to change drastically

Fig. 1 Rheological data obtained from Tapia et al. (2017) showing the
dependence of the shear viscosity ηs on the particle volume fraction ϕ for
rigid fibers. The measured viscosities depend on the particle aspect ratio
A = L/d, where L and d are the particle length and diameter, respectively.
The results indicate that the viscosity diverges at a different volume
fraction for each aspect ratio, which roughly corresponds to maximum
random packing (ϕm).

depending upon the pattern of shearing flow.
This review focuses on the concentrated regime of slurries of elongated particles in effort to consolidate the sparse
work done previously in this area and to summarize recent
and ongoing studies. Section 2 outlines the properties of
the particles and fluids, as well as the regimes of particle
concentrations in the slurries under consideration in this
review. Section 3 examines the rheological techniques
and measurements in the semi-dilute (Section 1) and concentrated (Section 2) regimes of concentration, focusing
on studies of the near-jamming limit. This section also
explores the effects of time-varying flow fields, focusing on
the relatively recent advances in oscillatory flows (Section
2). Normal stress differences, which are of importance
in predicting shear-induced migration, are discussed in
Section 4. Some comments on remaining challenges are
offered in the conclusions.

2. Suspension properties
This review focuses on slurries of elongated particles in
viscous Newtonian fluids. Many of the studies described
use rod-shaped particles of aspect ratio, A = L/d >> 1,
where L is the length of the rod and d is its diameter. Unless
specified otherwise, these particles are sufficiently large
to be non-Brownian. Consequently, the rotational Péclet
number Per = γ/dr should be large, where γ is the rate of
shear and dr is the rotational diffusivity,
dr 

3kT ln 2 A
(31)
πηf L3

(31)

(3)

for a rod of high aspect ratio. The fluid viscosity is ηf, k
is the Boltzmann constant, and T is the temperature. An
(3)
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alternative definition for the rods to be non-Brownian
requires a large Péclet number as defined by Pe = L2 γ/DT,
where DT is the mean center of mass diffusivity. Basing the
definition of non-Brownian on Pe >> 1 is more stringent
than using Per since Pe = 9Per.
(31)
The particles chosen for idealized experiments are monodisperse in length and diameter. The materials of these
fibers are generally polymeric, for ease of production, use,
and manipulation. Polyamides like Nylon-6 and polystyrene (PS) are used in conventional rheometry experiments
owing to the ease of obtaining particles with a wide array
of lengths, diameters, and aspect ratios, and mechanical
strength. For imaging experiments, poly-methylmethacrylate (PMMA/acrylic) obtained from the core of fiber optic
cables have been optimal owing to their uniform optical
properties.
The suspending media are Newtonian in all of the work
described in this review. The density of the fluids (or
mixtures) were selected or altered to match the density of
the particles; the particles neither sediment to the bottom
or float to the top, negating any possible effects of gravity
on the dynamics and rheology. The above-mentioned
conditions are imposed upon the slurries to simplify the
subsequent measurements and analyses, by assuming that
in the absence of Brownian fluctuations and gravity, the
motion of the particles in the slurries are primarily driven
by the flow imposed upon them. For imaging experiments,
the suspending media must also be chosen, or its composition altered, in order to match the refractive index of
the particles. When the fluid is subsequently dyed with a
fluorescing agent and properly illuminated, the contrast can
be used to obtain spatial and orientation data.
The elongated particles on which this review focuses
are rigid, neither stretching nor bending under the forces
imposed by the flow. For materials that are relatively soft,
shearing forces may be sufficient to bend a fiber and impact
the dynamics and rheology. Consequently, criteria have
been developed for estimating the stress at which fibers
bend appreciably. Forgacs and Mason (1959) determined
a critical stress, Σcrit, at which a slender rod buckles under
compressional flow as,

Σ crit 

Eb ln 2 A  1.75
2 A4

(4)

where Eb is the bending modulus, estimated to be twice the
Young’s modulus of the particle. This model provided good
(4)
agreement
for the bending of polymer fibers in shearing
flows with stresses of ηf γ (Forgacs and Mason, 1959). It
is assumed that any deformation of the elongated fiber is
negligible when the maximum stress exerted by the flow
field is much smaller than
Σcrit. A number of authors have
(31)
developed similar ideas, defining a ratio of the imposed
fluid stresses of ηf γ and critical stresses as calculated
using relations identical or similar to Eq. (4). Switzer and
Klingenberg (1959) defined an effective stiffness, Seff, as
E y π (31)
(5)
S eff 
 4
256ηf γA
where Ey is the Young’s modulus of the particle. Others
(Lauga, 2007; Wandersman et al., 2010) inverted the ratio
of (5)
shear stress and critical stress to create the “sperm number” SP as,

SP 

 4
8ηf γA
Ey

(6)

Young and Shelley (2007) corrected the value of critical
stress used in the sperm number to give a slightly different
(6)
dimensionless
number of

S P* 

 4
128ηf γA
E y ln 2 A  0.5

(7)

Despite the differences in the various definitions, bending
of a fiber can be ignored so long as the product of the im(7)
posed shear and viscosity (ηf γ) are much smaller than the
stress at which the fiber buckles.
The rheology and dynamics of suspensions of rigid fibers
differ greatly depending on the
(31)extent to which rotation is
impeded by the presence of other fibers. Consequently,
(Doi and Edwards, 1978) suggested defining concentration
regimes in terms of simple geometric constraints; examples
are shown in Fig. 2 of fibers randomly placed in a fixed
volume at dilute, semi-dilute, and concentrated conditions.

Fig. 2 Images of rigid fibers of aspect ratio A = L/d = 10 placed randomly in a volume at concentrations within the (a) dilute (nL3 << 1), (b) semi-dilute
(1/L3 < n < 1/L2 d), and (c) concentrated (nL2 d > 1) regime. The volume fraction ϕ corresponding to each dimensionless number density is given in the
figure. At the highest concentration of nL2 d = 3.0, the suspension is isotropic for this aspect ratio.
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For the case of dilute suspensions (nL3 << 1), spherical
volumes that enclose each particle do not generally overlap
and each fiber can rotate freely. Here n = N/V is the number
density, the number of particles N per unit volume V of
the suspension. Note the dimensionless number density
nL3 is equivalent to 4A2ϕ/π, where ϕ is the particle volume
fraction. In the semi-dilute region, fibers can no longer
rotate freely. The upper limit of the semi-dilute regime
(nL2d = 4Aϕ/π ≈ 1) roughly corresponds to close packing
of a collection of flattened discs having a diameter of L
and thickness d. Further increases in concentration beyond
nL2d = 1 can occur while the spatial and orientation distribution remains isotropic, as demonstrated in Fig. 2c for
A = 10 and nL2d = 3.0. However at some point, maximum
random packing is exceeded and adding more particles
requires organizing the particle orientations into a nematic
phase. Studies (Williams and Philipse, 2003) indicate that
the maximum volume fraction at which sphero-cylinders
can still pack randomly scales inversely with the aspect
ratio. For the case of A = 10 shown in Fig. 2, maximum
random packing occurs at nL2d ≈ 4.7, or ϕ ≈ 0.37; higher
concentrations require aligning the fibers. At A = 20, the
transition occurs at ϕ ≈ 0.22, or nL2d = 5.6.

3. Shear rheology and structure
The rheology of suspensions of well-dispersed rigid
fibers depends strongly upon the orientation distribution.
As a quantitative example, the shear viscosity for dilute
solutions of rigid fibers (nL3 < 1) that are force-free (i.e.
non-Brownian) is given by Batchelor (1970)
ηs  ηf 1  cnL3 p x2 p 2y

(8)



where ηs is the viscosity of the suspension relative to that
of (8)
the fluid (ηf), c is a constant that depends on the particle

size and shape, and the expression ignores the small contributions to stress from the thickness of the particle, which
is assumed to be of high aspect ratio. The brackets,  ,
indicate an average over all fibers in the suspension, where
the fibers have an orientation of p. Here, px and py represent
the orientation components in the flow (x) and gradient (33)
(y)
directions.
Generally, the orientation (and position) of each rod in
a suspension is set by balancing the non-hydrodynamic
torques (and forces) with hydrodynamic drag. In the particular case of a force-free fiber at dilute conditions, the fiber
tumbles indefinitely in a well-defined orbit that depends
on its initial orientation (Jeffery, 1922). Consequently the
viscosity ηs oscillates in time as indicated in Eq. (8) owing
to its dependence of the ever-changing orientation moment
p x2 p y2 . Measurements performed by Ivanov et al. (1982)
confirm that the viscosity oscillates during steady shear,
though the amplitude of the oscillation decays over time.
The decay to a steady value is likely due to small effects
(32)
that influence the torque balance on the fibers, possibly
including weak Brownian motion (Hinch and Leal, 1972)
or inertia (Einarsson et al., 2015).
Thorough reviews of the rheology of dilute suspensions
are available (Powell, 1991; Petrie, 1999) that discuss these
issues in depth. The remainder of this section describes
the measurement of more concentrated suspension where
particle interactions begin to influence the orientation distributions and the measured rheology.

3.1 Semi-dilute concentrations
Fig. 3 shows viscosity measurements by Bibbó (1987)
and Djalili-Moghaddam and Toll (2006) for glass and nylon fibers of aspect ratios A ≈ 32 and 50. Measurements are
shown for volume fractions of ϕ = 0.01 to 0.1, which correspond to dimensionless number densities nL3 spanning the
semi-dilute concentration regime (nL3 > 1 and nL2d < 1).

Fig. 3 Shear viscosity ηs relative to the fluid viscosity ηf as a function of fiber concentration nL3 for aspect ratios of (a) A ≈ 50 and (b) A ≈ 32; the
concentration range spans the semi-dilute regime of nL3 > 1 and nL2 d < 1. Experimental measurements of Bibbó (1987) and Bounoua et al. (2016a) are
compared to simulations (Mackaplow and Shaqfeh, 1996; Claeys and Brady, 1993) and the theory for semi-dilute suspensions of rigid rods by Shaqfeh
and Fredrickson (1990). A value of p x2 p 2y = 0.01 was used when evaluating the theory numerically. Error bars are shown for the sets of data when
available; for the data of Mackaplow and Shaqfeh (1996), the error is often smaller than the size of the data point.

[51]
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Viscosities for higher aspect ratio fibers are expected to be
larger at the same concentration and for the same orientation
distribution, as indicated in the figure by the semi-dilute
theory (Shaqfeh and Fredrickson, 1990) where the same
value of 0.01 for p x2 p y2 was used in calculating the curves.
Indeed, the experimentally measured viscosities in Fig. 3
are larger for the higher aspect ratio fibers. However, the
influence of the (32)
orientation distribution is strong: the viscosity of suspensions with fibers aligned with the flow was
significantly lower than that of an isotropically distributed
fibers as seen in Fig. 3a (isotropic versus non-isotropic
data by Bibbó (1987)). For this reason, the influence of
bounding walls in confined geometries must be considered
when evaluating the measured rheology, especially as the
concentration approaches and surpasses nL2d = 1.
Beyond the dilute limit of nL3 = 1, interactions between
particles become increasingly important, and predicting the
rheology depends on at least two complicated calculations.
First, accurate determination of the spatial and orientation
distribution is necessary. Second, calculations that relate
the microstructure and stresses must be performed. In both
cases as reviewed in detail by Butler and Snook (2018),
hydrodynamic interactions between the particles must be
considered. This differs from the dilute and concentrated
regimes where the particles are either too far apart or the
dynamics and rheology are dominated by direct particleparticle contacts. Calculations that consider hydrodynamic
interactions between rigid rods, such as those shown in
Fig. 3, are computationally expensive, hence predicting the
microstructure and rheology for large numbers of fibers in
the semi-dilute regime remains an outstanding challenge.
Some results shown in Fig. 3 represent the high shear
limit of the measured viscosity. In the semi-dilute regime,
many slurries of rigid fibers exhibit shear-thinning rheology, where the measured viscosity decreases with increases
in rate of shear (Ganani and Powell, 1985; Powell, 1991;

Fig. 4 Steady shear viscosity ηs as a function of shear rate for a suspension of ellipsoids of aspect ratio A = 7 and for spheres (Bricker et
al., 2008). Both suspensions have a volume fraction of ϕ = 0.07, and the
particles differ only in their shape, as each particle was composed of an
identical volume of polystyrene and was manufactured using the same
process.
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Bricker et al., 2008; Bounoua et al., 2019). One example
from Bricker et al. (2008) is shown in Fig. 4 for a suspension of ellipsoids with a moderate aspect ratio of A = 7
at a concentration of nL3 = 4.4 (ϕ = 0.07). Although the
particles were relatively small in these experiments, the
value of the rotational Péclet number was large, ranging
from approximately Per = 103 at the lowest shear rate of
γ = 0.1 s–1 to 106 at 100 s–1. Note that Fig. 4 also shows
viscosity data over the same range of shear rates for spheres
having properties (material of composition, volume of each
particle, and method of manufacture) identical to that of the
(31)
ellipsoids.
The substantial shear-thinning of the suspension of ellipsoids versus the spheres indicates a remarkable difference
in the rheology originating from the shape of the particles.
These results contradict numerical simulations (Dinh and
Armstrong, 1984; Shaqfeh and Fredrickson, 1990; Schiek
and Shaqfeh, 1995) which predict viscosities that are independent of shear-rate. Indeed, the rheology of suspensions
of non-Brownian and non-colloidal particles is expected
to be pseudo-Newtonian regardless of their shape: though
attaining steady-state may require a large strain, or time,
the steady viscosity of the fluids should be independent
of shear rate. Many ideas regarding the origin of the shear
thinning have been given, including the possibility that
non-Newtonian suspending fluids are responsible (Bibbó et
al., 1985; Maschmeyer and Hill, 1977) and that the fibers
used in the experiments deform under the imposed stresses
(Sepehr et al., 2004; Bennington et al., 1990). Attractive
colloidal forces have also been incorporated into models
to explain shear thinning (Chaouche and Koch, 2001;
Bounoua et al., 2016b), and this line of investigation has
been argued to be promising (Butler and Snook, 2018).

3.2 Concentrated suspensions
The rheology of suspensions of rod-shaped elongated
particles in a Newtonian fluid beyond the semi-dilute regime remain largely unexplored. This is largely due to the
difficulty in performing rheological experiments with large,
rigid fibers at dimensionless number densities nL2d above
1.0. Under these conditions, confinement is a significant issue. Standard rheological tooling employs shearing geometries having gaps between the bounding walls of H≲1 mm.
This is particularly problematic for suspensions composed
of non-colloidal fibers where the particles of interest can
have lengths L ≳ 0.1 mm. Typically it has been assumed
that the rheological measurements are not influenced by the
bounding walls so long as H/L > 2 or 3 (Bibbó et al., 1985;
Powell, 1991; Chaouche and Koch, 2001). This is true for
dilute, or even semi-dilute, suspensions since the additional
drag on any one rod rapidly decays as the distance from the
bounding wall increases (Zurita-Gotor et al., 2007; Park
and Butler, 2009). However, at higher concentrations the
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Fig. 5 Novel pressure-imposed rheometer used to measure bulk rheological properties at high concentrations near the jamming limit used by Tapia
et al. (2017). (A) Schematic of the experimental setup. (B): Microscope images of the plastic fibers. (C) Porous top plate with zoomed image of nylon
mesh. From “Rheology of concentrated suspensions of non-colloidal rigid fibers” by Franco Tapia, Saif Shaikh, Jason Butler, Olivier Pouliquen, and
Élisabeth Guazzelli, J. Fluid Mech (2017), vol. 827, R5. Reprinted with permission.

bounding walls have a strong effect on the rheology: the
walls prevent particles from rotating and moving freely,
altering the orientation distribution. This disturbance in
the structure imposed by the wall propagates a significant
distance into the fluid at high concentrations. The measured
rheology will not match that of a bulk fluid unless the wall
spacing is much larger than 3L.
Consequently, Tapia et al. (2017) used a large, custombuilt device to make the viscosity measurements shown in
Fig. 1. The rheometer was originally constructed by Boyer
et al. (2011a) and was used by them and Dagois-Bohy et
al. (2015) to characterize a Newtonian fluid containing
spheres. This “imposed load” rheometer consisted of a
wide-gap annular shear cell with a movable top plate, as
shown in Fig. 5. The movable top plate has a porous screen
which allowed fluid to pass freely across the plate, but
prevented fibers from passing. This enabled the dynamic
adjustment of the particle volume fraction while maintaining the volume of the particles.
Experiments were conducted in two modes: conventional rheometry with a controlled volume and a novel
“pressure-imposed” mode. For the former mode, the
volume fraction of the suspension was maintained at a
constant value by holding the top plate at a fixed height; the
torque was measured as a function of rotation rate while
also recording the normal force needed to prevent the top
plate from moving. In the pressure-imposed mode, a constant normal force was applied to the top plate, allowing it
to move while measuring the torque as a function of rotation rate. In this case, the volume fraction ϕ varied with the
rate of rotation. The torque and rotation rate were used to
calculate the shear viscosity ηs as a function of ϕ as shown
in Fig. 1. The normal force on the plate was corrected for
buoyancy and divided by the plate area to give a pressure P.

Fig. 6 Normal viscosity ηn for concentrated suspensions of rigid polyamide fibers suspended in a viscous Newtonian fluid (Tapia et al., 2017).
The normal viscosity is a unique measurement, as it is a bulk rheological
measure of particle pressure.

This quantity represents the particle pressure that the fluctuating particles exert on the porous plate and is reported as
a normal viscosity,
P
ηn 
(9)
ηf γ
as was done by Morris and Boulay (1999). These results
are shown in Fig. 6.
(9)
A unique result provided by these experiments is the
measurement of the rheology at concentration ranges approaching maximum packing fraction, ϕm. These measurements were made possible by performing experiments in
the “pressure-imposed” mode. Fig. 1 and Fig. 6 show that
the shear and normal viscosities diverge at a value of ϕ that
depends on the aspect ratio A of the fibers and corresponds
closely to maximum random packing (ϕm) for each aspect
ratio. As the concentration, ϕ approaches ϕm, the suspension approaches the “jamming transition”. The maximum
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Fig. 7 (a) Shear viscosity and (b) normal viscosity of rod-shaped elongated particles as a function of increasing volume fraction ϕ collapse onto a
single curve when scaled with the maximum packing fraction ϕ/ϕm (Tapia et al., 2017). The solid red curves corresponds to the model equations given in
Eq. (10) and (11). The insets are log-log plots to determine the exponent value in Eq. (10) and is compared to that of spherical shaped particles (dashed).

packing fraction serves as an important scaling factor as
well: as shown in Fig. 7, the rheological data collapses onto
single-valued curves over the entirety of the range of particle sizes, aspect ratios, and concentrations measured in the
experiments. Constitutive equations (Tapia et al., 2017) for
the shear and normal viscosities, along with the coefficient
of friction, developed using the maximum packing fraction
as a scaling factor, are
0.90

   
ηs    14.51 m

 m 

(10)

ηn    ηs   / μ   and
(10)

(11)
2

   
 m   
μ    μs  c1  m
(11)
  c2 

  
  

Fig. 8 The shear viscosity ηs before and after reversing the directions
of flow at the strain value of γ = 0. The suspension was composed of rigid
fibers with A = 18 and nL2 d = 3.2, and the measurements were made
using a stress-controlled rheometer at two different values of the stress.
Data is from Bounoua et al. (2019).

(12)

where μs is the coefficient of static friction, c1 and c2 are
constants obtained from curve-fitting, and differ from the
(12)
values obtained from experiments with spherical particles
(Dagois-Bohy et al., 2015).
Shear-thinning rheology has also been reported for suspensions of elongated fibers in the concentrated regime and
there is a wider range of measured values in this range of
concentrations (Ganani and Powell, 1985; Powell, 1991).
Theories similar to those mentioned at the end of Sec. 3.1
have been put forward to explain both observations, including the presence of attractive interparticle forces. Tapia et
al. (2017) did not report shear-thinning behavior in their
system, but did report finite yield stresses as have others.
These yield stresses increased with increasing volume fraction and fiber aspect ratio. Many have attributed the yield
stresses to attractive forces between the fibers, just as with
shear thinning (Mongruel and Cloitre, 1999; Chaouche and
Koch, 2001; Bounoua et al., 2016b).

3.3 Unsteady shear rheology
As with other non-Newtonian fluids such as polymer
and colloid solutions, rheological characterizations of fiber
suspensions under time-varying shearing flows can probe
the microstructure and forces that act within the system.
However, the absence of Brownian motion and a welldefined equilibrium state for these fluids requires careful
consideration regarding what is measured; for example, the
Cox-Merz rule cannot be relied-upon for interpreting small
amplitude oscillatory flows. Here, the shear reversal and
oscillatory shear rheology for concentrated suspensions
of fibers are described. As with steady shearing flows, a
point of concern is the effect of confinement on the measurements.

3.3.1 Shear reversal
Bounoua et al. (2019) measured the time-dependent
shear viscosities upon suddenly reversing the direction of
a steady shearing flow. Fig. 8 shows the measurements as
a function of strain (γ = γt) for a concentrated suspension
(nL2d = 3.2, ϕ = 0.14) of rigid fibers of aspect ratio A = 18;

(31)
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the results share similarities with other studies of shear
reversal of fiber suspensions (Sepehr et al., 2004). First,
the samples were sheared until the viscosity reached steady
state. Note that these suspensions of fibers were found to be
shear thinning, consequently the steady shear viscosity differed depending upon the applied stress. The reversal was
initiated at γ = 0 (i.e. t = 0), at which point the measured
viscosity dropped significantly. The low point following
the reversal was followed by a transient overshoot in the
viscosity, before it returned to its steady value as confirmed
by comparing viscosity values at large γ to the values at
γ < 0, before reversing the flow direction.
Suspensions of non-colloidal spheres also exhibit reduction in the shear viscosity when the flow direction
is suddenly changed following a period of steady shear
(Gadala-Maria and Acrivos, 1980; Narumi et al., 2002;
Blanc et al., 2011). Stresses resulting from the shearing flow
of non-Brownian and non-colloidal particle suspensions
have two sources: hydrodynamic and contact forces. The
hydrodynamic contribution from each particle arises from
the difference in velocity of the particle with the imposed
shear flow and velocity disturbances caused by the other
particles, which depends upon the relative arrangement of
the particles. Direct contact forces between particles occur
due to the breakdown of lubrication interactions, possibly
because of surface roughness (Rampall et al., 1997; Ingber
et al., 2006; Pham et al., 2015).
For shear-reversal of suspensions of spherical particles, detailed analysis (Peters et al., 2016) of Stokesian
dynamics simulations indicate that the viscosity measured
immediately after the reversal represents the purely hydrodynamic contributions to the shear viscosity, as the
contact contribution disappears nearly entirely. During
steady shearing flow, contact interactions build-up among
the particles and contribute to the shear stresses. Suddenly
reversing the direction of flow relieves the contact forces,
which are purely repulsive, and the shear stress accordingly

drops.
Similarly, the sudden drop in the viscosity shown in
Fig. 8 indicates the presence of contact interactions between the fibers. However, the overshoot in viscosity represents an important difference in the results as compared
with spheres, where the viscosity returns to its steady value
in a monotonic fashion. Bounoua et al. (2019) attributed
the overshoot to weak attractive force between the particles, rather than the dynamics changes in the orientation
distribution of the particles which surprisingly changes
little during the course of the reversal process (Cieslinski
et al., 2016). Measurements on suspensions of fibers that
do not shear-thin (i.e. have no attractive forces) would
presumably show no overshoot in the viscosity after shear
reversal.

3.3.2 Oscillatory shearing
A suspension of rigid fibers undergoing oscillatory shear
may yield vastly different measurements of the rheology,
depending on the concentration, confinement, and strain
amplitude of oscillation. Fig. 9a shows a strong qualitative
difference for the latter case, where η’’ (i.e. imaginary component of the complex viscosity) vanishes with increasing
oscillation number (N) or remains finite, depending on the
strain amplitude γ0 of the oscillation (Franceschini et al.,
2014). The rheological data reported is for aspect ratio
A = 11 and a concentration of ϕ = 0.20; importantly, the
suspension was highly confined (H/L = 1.5).
Measurements (Franceschini et al., 2011; 2014; Strednak
et al., 2021) and simulations (Snook et al., 2012; Strednak
et al., 2021) of the orientation distribution under oscillatory flows also demonstrate a remarkable transition in the
alignment as a function of strain amplitude. As shown in
Fig. 9b for the same aspect ratio A = 11 and a concentration
of ϕ = 0.20, the order parameter Sθ is maximized when
γ0 ≈ 2.5 (γ0ϕ/Φc ≈ 1.25 where Φc = 0.4). Here,
Sθ = 1 – 2 < cos2θ >

(13)

Fig. 9 Oscillatory rheology and orientation distribution for suspensions of rigid rods at a confinement of H = 1.5L. (a) The value of η'' as a function
of oscillation number N at A = 11 and ϕ = 0.20 for a range of strain amplitudes γ 0 (Franceschini et al., 2014). The result for γ 0 < 2.60 marks a transition
between vanishing and persistent values for η''. (b) Simulated predictions (Strednak et al., 2021) and an experimental measurement (Franceschini et al.,
2014) of the microstructure S θ at steady state as a function of the rescaled strain amplitude, γ 0 ϕ/Φc. A value of 0.4 was used for Φc.
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Fig. 10 (a) The angle between the fiber’s projection in the flow-vorticity plane and the flow direction is θ. The x, y, and z directions are the flow,
gradient, and vorticity directions, respectively. (b) Reproduced rendering of simulations from Strednak et al. (2021) showing an example initial (N = 0)
and steady (N = 4000) distribution of the fibers for H = 1.5L, A = 11, ϕ = 0.20, and γ 0 = 2.5. Larger values of S θ reflect an increased alignment of fibers
in the vorticity direction.

where θ is the angle between the fiber projection in the
flow-vorticity plane and the flow direction as depicted in
Fig. 10a; the brackets (  ) indicate an average over all
fibers. Note that fibers are perfectly aligned in the flow
and vorticity directions when Sθ = –1 and 1, respectively;
the gradient direction is perpendicular
to the flow-vorticity
(33)
plane and is the same direction of the confinement in the
experiments. Consequently, the large value of Sθ at γ0 ≈ 2.5
indicates strong alignment of the fibers in the vorticity direction, as can be directly seen in Fig. 10b which compares
the initial and final distribution of the fibers predicted by
simulations. Note that the simulated values of Sθ quantitatively matched the experimental results over a wide range
of conditions (Strednak et al., 2021).
Franceschini et al. (2014) suggested that the transition
in Sθ and η’’ is controlled by a critical effective volume
fraction (Φc) of the suspension. The effective volume
fraction of a fiber suspension is the ratio of the volume
swept out by all fibers during a cycle to the total volume of
the suspension, and is therefore proportional to the strain
amplitude γ0. The critical effective volume fraction, Φc
defines the combination of volume fraction ϕ and strain
displacement γ0 at which the particles are forced to contact.
For oscillatory shear below Φc, Franceschini et al. (2014)
speculated that η’’ disappears as the suspension rearranges
to avoid contact, though simulations indicate that at least
some contacts persist (Snook et al., 2012; Strednak et al.,
2021). Above Φc, contacts between particles must occur
during the course of every oscillation and η’’ remains finite.
As seen in Fig. 9a for the case of A = 11 and ϕ = 0.20, the
transition in η’’ occurs between γ0 = 2.0 and 2.6. Consequently, Franceschini et al. (2014) defined Φc = γ0ϕ ≈ 0.4.
This corresponds to the value of γ0ϕ at which Sθ is maximized for the same conditions of A = 11 and ϕ = 0.20 (blue
circles in Fig. 9b).
Strednak et al. (2021) found that the maximum value of
Sθ declined when the gap spacing H was increased while
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holding the fiber length L constant, both in experiments and
simulations. This indicates that the vorticity alignment of
the fibers is promoted by the bounding walls, as was speculated by Snook et al. (2012). This change in orientation distribution with H/L likely impacts the complex viscosity in
a qualitative fashion as well. However, rheological data for
oscillatory flow currently is lacking for large values of H/L.

4. Normal stresses
Suspensions can exhibit finite normal stress differences
during shear. This non-Newtonian property of suspensions
holds true even if the suspending fluid exhibits no normal
stresses (i.e., the suspending fluid is Newtonian). Hence
the normal stress differences originate with the particles,
which must be present at a sufficiently high concentration
for the normal stresses to be measurable. Non-zero normal
stress differences can cause a number of effects, including
shear-induced migration of particles within non-linear
flows (Nott and Brady, 1994; Nott et al., 2011; Snook et al.,
2016; Strednak et al., 2018).

4.1 Measuring normal stresses
Measuring normal stresses for suspensions of rigid fibers
requires addressing at least two problems. As with other
rheological characterizations, confinement of the particles
at high concentrations creates difficulties when using
standard shear cells. Additionally, the normal stresses are
small and scale linearly with the rate of shear rather than
quadratically, as with polymer solutions. As a result, normal stress differences cannot be measured at low rates of
shear and concentration using most rotational rheometers,
and inertial effects can alter the measurements if the shear
rate is increased too much in an attempt to generate a larger
force that can be resolved by the transducers.
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Fig. 11 Free surface flows used to evaluate normal stresses. (a) The interfacial deformation of a suspension flowing due to gravity through an open
channel flow can be used to determine the second normal stress difference. (b) The value of α2 + α1/2 can be determined from the deformation of the
interface in the Weissenberg geometry. In both cases, the deformation can be measured by imaging, from above, the intersection of the surface and a
laser sheet projected at a low angle.

Fig. 12 a) The coefficient α2 for the second normal stress difference as determined from the tilted trough experiments. b) The coefficient α1 as
calculated from combining the experimental results from the tilted trough and rotating rod geometries. The experimental results (filled symbols) are
compared to simulation results (open symbols) for similar values of the fiber aspect ratios A. All results taken from Snook et al. (2014).

Two approaches for overcoming the challenges of
experimentally measuring the normal stresses have been
employed. The first makes use of the fact that normal stress
differences deform the interface during slow free-surface
flows as illustrated in Fig. 11. Because the geometries are
large, confinement does not influence the measurement.
Analysis and experimental approaches using free surface
flows originally were developed for viscoelastic fluids
(Beavers and Joseph, 1975; Wineman and Pipkin, 1966;
Tanner, 1970). Also, the rotating rod geometry (Zarraga et
al., 2000; Boyer et al., 2011b) and tilted trough (Couturier
et al., 2011; Dai et al., 2013) previously were used to quantify normal stresses in suspensions of spheres. Whether
or not the particles are spherical or rod-like, the analysis
relating the interface deformations and normal stresses is
similar, though also simpler than the analysis for elastic
fluids. Each normal stress component is assumed to be
proportional to the magnitude of the shear stress, |τ|, and
the results are reported as coefficients of the normal stress
differences,
α1 

N1
N
and α2  2
τ
τ

(14)

where N1 and N2 are the first and second normal stress

difference. Using either a domain perturbation method or
a “cut-away” analysis, while accounting for the tendency
of surface tension to flatten the surface, small interface
deformation due to normal stress differences can be predicted accurately. The deformation of interface in the tilted
trough is related to α2, while analysis of the interface in
the rotating rod geometry yields α2 + α1/2. Comparing the
predicted deformations to those measured in experiments
(see Fig. 11) enables determination of both coefficients.
The values of α2 as determined from the tilted trough
are shown in Fig. 12a (Snook et al., 2014). The values are
strongly negative for small aspect ratios and high concentrations. In the case of the rotating rod geometry, Snook et
al. (2014) reported that no deformation of the surface was
observed across all tested conditions. Using the fact that
α2 + α1/2 ≈ 0 together with the results for α2 gives α1 > 0
for small aspect ratios and high concentrations, as shown in
Fig. 12b. The result contrasts with suspensions of spheres,
where the interface dips near the rotating rod (Zarraga et
al., 2000) and α1 is zero or weakly negative.
The second approach for measuring the bulk normal
stresses of rigid fibers used a custom-built torsional flow
cell (Bounoua et al., 2016a). As originally described by
Dbouk et al. (2013), the device uses an unusually large sep-

(13)
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Fig. 13 The normal stress coefficients as a function of confinement, H/L, for (a) α2, the second normal stress difference relative to the shear stress, and
(b) α1, the first normal stress difference coefficient. The results of Bounoua et al. (2016a) are compared to those from the free-surface measurements
Snook et al. (2014) (marked as H/L 1) at similar concentrations of nL2 d ≈ 3.0 and aspect ratios A between 10 and 18.

aration of up to 2.5 mm between the two plates. An array
of force transducers, flush mounted to the stationary plate,
enabled measurement of both normal stress difference
coefficients, α1 and α2 (Bounoua et al., 2016a). This device,
by varying the plate spacing and using fibers with lengths
of less than 0.5 mm, was used to characterize the normal
stresses over a range of confinements from H/L = 2 to 11.
Fig. 13a compares measurements at nL2d ≈ 3.0 of
Bounoua et al. (2016a) as a function of confinement with
those from the free surfaces where H/L was very large. The
results are qualitatively similar, with α2 < 0, α1 > 0, and the
magnitude of the coefficients are smaller at higher aspect
ratios. The results for α1 and α2 at the smaller aspect ratio
of A = 10 indicate that the magnitudes decline as the confinement is relaxed, approaching the values attained using
the much larger geometries. For the data with A = 18, the
normal stress coefficients measured with the torsional flow
cell are nearly independent of the confinement. However,
the magnitude of the coefficients as measured at H/L >> 1
are quite different than those for which H/L < 10.

4.2 Origin and effects of normal stresses
Normal stress differences within non-colloidal suspensions can arise from hydrodynamic interactions as well
as from contact stresses. For spheres at concentrations of
ϕ > 0.20, the balance of an implied shear flow, disturbance
velocities created by the presence of the particles, and interparticle forces that maintain hydrodynamic interactions
causes an asymmetry in the relative positions of particles
pairs. This asymmetry generates a hydrodynamic contribution to the normal stress differences, and there are also
contributions from the contact forces. Note that a dilute
suspension of spheres (ϕ < 0.02) has no normal stress
differences, as the symmetry of the velocity disturbance
does not allow for it. Unlike spheres, individual fibers in
a sheared fluid can induce normal stress differences depending on the instantaneous angle with respect to the flow
direction. However, normal stress differences do not exist
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in a dilute suspension since the orientation distribution
remains symmetric relative to the flow direction.
Simulations by Snook et al. (2014) demonstrate that even
under concentrated conditions, symmetry of the orientation
distribution about the direction of flow is not broken. Consequently, the predicted normal stresses shown in Fig. 12
originate solely from contact interactions. The predicted
values of the normal stress coefficients correspond closely
to the measured values. At fixed aspect ratio, the magnitudes of α1 and α2 are lower for low number densities since
there are many fewer contacts. Likewise, fewer contacts
occur at higher aspect ratios and fixed concentration, hence
the normal stress coefficients (magnitudes) are lower. The
relative signs of the coefficients can also be discerned from
the simulations, which indicate the fibers align strongly
with the direction of flow. As a result, the contact interactions, which are purely repulsive, are strongest in the
gradient direction and weakest in the flow direction. This
creates the positive values for α1 and negative values for α2.
Fig. 12 shows predictions from simulations with periodic boundaries rather than with solid bounding planes
separated by a distance H in the gradient direction. However, Snook et al. (2014) also incorporated boundaries into
the simulations and verified that the simulations predict
that normal stress coefficients depend on confinement.
This occurs because the bounding walls of the shearing
geometry alter the orientation distribution, and hence the
contact interactions between particles which control the
normal stresses.
The existence of non-zero normal stresses in a sheared
suspension of fibers implies that particles will migrate
in inhomogeneous shearing flows according to theories
for spherical particles (Nott and Brady, 1994; Nott et al.,
2011). This migration creates a non-uniform concentration
that further complicates predictions and rheological analysis of the flowing suspensions. The net migration of spheres
from regions of high to low shear rates has been reported
in multiple publications (Leighton and Acrivos, 1987;
Altobelli et al., 1991; Hampton et al., 1997; Snook et al.,
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Fig. 14 Experimental data characterizing migration of fibers in tube flow with L/R ≈ 3 (Strednak et al., 2018). (a) Concentration, n(r/R)L2 d, as a
function of position r within a circular tube of radius R at the same volume fraction of ϕ = 0.03 for two different aspect ratios of A = 11 and 23. In both
cases, the ratio of R/L was identical. (b) Example image from experiments showing fibers (A = 11, nL2 d = 0.42) concentrated near the center of the tube.

2016). Currently, there are few studies of the shear-induced
migration of rigid fibers, though these studies qualitatively
agree with suspensions of spheres. For example, Mondy et
al. (1994) measured the spatial distribution of ellipsoids of
aspect ratios A = 2 to 18.4 within a wide-gap Couette flow
and found results similar to that for spheres. More recent
measurements (Strednak et al., 2018) indicate that fibers
migrate within tube flow, away from the walls and toward
the center as expected from observations of spheres. However, significant migration occurs at much smaller volume
fractions in suspensions of fibers as compared to spheres.
Fig. 14 shows the position dependent concentration at
steady-state for two different aspect ratios for suspensions
at ϕ = 0.03, whereas Snook et al. (2016) observed no
particle migration for suspensions of spheres at ϕ < 0.1.
Generally, Strednak et al. (2018) found that the extent of
migration for the rigid fibers was similar at the same value
of nL2d = 4Aϕ/π, regardless of the aspect ratio.

5. Conclusions
Various studies related to the experimental and numerical determination of the rheology have been outlined in this
review. However, the reviewed studies have been limited
to relatively rigid fibers of uniform size suspended under
neutrally buoyant conditions in a viscous fluid. Moving
away from this limited set of conditions introduces a number of possible complexities, such as Brownian motion and
viscoelasticity, to the fluid mechanics and rheology of the
suspension system.
Even for the relatively large size of fiber suspensions described in this review, weak and attractive colloidal forces
were discussed as a possible cause of shear-thinning. For
strongly colloidal suspensions, the rheology can be more
complex (Mewis and Wagner, 2011). Notably for some

colloidal suspensions of fibers, shear thickening rheology
is observed, wherein the viscosity of the suspension increases with an increase in shear rate. Reviews by Barnes
(1989) and Brown and Jaeger (2014) provide an in-depth
look at the shear thickening of colloidal suspensions of
both spherical and elongated particles. At this length scale,
various mechanisms are claimed to cause non-Newtonian
rheological behavior; more recently, fiber orientation was
also attributed to causing shear-thickening (Rathee et al.,
2020). Furthermore, shear thickening in colloidal suspensions of elongated particles is often related to the jamming
transition (Cates et al., 1998; Liu and Nagel, 1998). However, shear thickening for colloidal suspensions should not
be confused with the jamming transition for non-colloidal
slurries (i.e., divergence of viscosity with increased concentration), as discussed in Section 3.2.
The stipulated condition of monodispersity of particle
size in the experimental and numerical studies described
in this review is far removed from real-world applications.
For colloidal suspensions near the jamming transition, it
is observed that at the same volume fraction, the viscosity and normal stresses measured are lower than that of
monodisperse suspensions (Pednekar et al., 2018). Marti
et al. (2005) performed rheological measurements for concentrated non-colloidal suspensions, with polydispersity in
both shape (mixture of spheres and fibers) and particle size.
Accurate and rigorous experimental measurements of the
rheology in polydisperse systems continues to be lacking,
with particularly few results for suspensions of fibers.
Moving past neutrally buoyant, rigid elongated particles, flexibility adds additional restorative forces to the
hydrodynamics and particle-particle interactions, leading
to complex non-linear, and irreversible dynamics affecting
bulk rheological measurements (du Roure et al., 2019).
For non-neutrally buoyant particles in shearing flows,
sedimentation (or creaming) is countered only partially by

95

Saif Shaikh et al. / KONA Powder and Particle Journal No. 39 (2022) 84–99

resuspension of spherical particles (Acrivos et al., 1993);
the resulting inhomogeneity in the spatial distribution of
particles will affect the bulk measurements of rheology. For
further reading, Shaqfeh (2019) collates several studies of
suspensions of various non-colloidal particles in viscoelastic fluids, including rigid fibers.
Finally, there is a lack of detailed numerical and experimental work describing the microstructure at concentrations
beyond the dilute limit and up to the jamming transition.
The dependence of bulk rheological measurements on
the changes in the microstructure of slurries of elongated
particles in flow have been discussed (Franceschini et al.,
2011; Snook et al., 2012; Tapia et al., 2017; Strednak et al.,
2018). The changes in the microstructure are irreversible in
concentrated suspensions which contradict the reversible
nature of the Stokes equations, which govern their hydrodynamics. As an illustrative example to motivate more
detailed measurements, results obtained from experiments
performed by Tapia et al. (2017) show that for higher
particle aspect ratio, volume fractions measured exceeded
the limit described by numerical simulations performed by
Williams and Philipse (2003), who prescribed the maximum isotropic packing fraction of spherocylinders, suggesting local or bulk ordering of the particles. Additionally,
the appearance of yield stresses, a phenomenon generally
associated with fiber flexibility and studied extensively in
the pulp industry, was observed in slurries of rigid particles
near the jamming limit, warranting deeper examination.
Even within the limits placed upon the suspension
properties, the studies discussed in this review demonstrate
that the rheology of slurries of rigid elongated particles is
complex and frequently non-intuitive. Recent publications
make it clear that care must be taken in interpreting rheological quantities for rigid fibers, especially when measured
using confined geometries at large concentration. Failure to
consider this latter aspect on the measurements can result
in inaccurate assessments of the bulk viscosity, normal
stress differences, and oscillatory rheology and dynamics.
The enhancements in the measurement and modeling for
these systems have been aided significantly by numerical
simulations that have been validated against experiments.
Continuing advances likely will rely on simulations that
incorporate the additional physical mechanisms described
in the previous paragraphs.
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Abstract
Dockage and foreign material (DFM) distribution in grain silos is an important factor in managing stored grain.
The DFM distribution in grain silos is dictated by the segregation mechanisms of DFM during grain loading.
Loading grain into silos from a central spout is a special case of heap flows of granular materials. However,
our understanding of heap flows is still evolving, and no models are currently available to predict the dockage
and foreign material distribution in grain silos. Based on an extensive literature review, this paper identified the
dominant mechanisms of DFM segregations during central spout filling in grain silos and main factors influencing
DFM distribution. The DFM distribution patterns were characterized. The experimental methods for analyzing
DFM segregations and distribution were also reviewed. The gaps of our knowledge on segregation mechanisms and
factors influencing segregation were summarized and future research directions and challenges were discussed.
Keywords: dockage and fine material distribution, segregation mechanism, farm silo, stored grain

1. Introduction
Flat and hopper bottom cylindrical silos (bins) are commonly used in North America for on-farm storage of crop
grains (cereal grains, oil seeds, and pulses). In Canada and
USA, almost all of the harvested crop grains are stored in
this type of silos. Typically, grain is lifted to the roof height
of silo with a grain auger (or a bucket elevator) and discharged into the silo through a central spout. Grain contains
dockage and foreign materials (DFM), which are different
from grain kernels in terms of physical properties, such
as density, size, and shape. The differences between grain
kennels and DFM result in segregation during silo loading,
causing ununiform distribution of DFM in the grain bulk.
Ununiform distribution of DFM leads to uneven airflow
through the grain bulk, which adversely affects grain storage management operations, such as aeration, drying, and
fumigation for insect control. For example, if airflow is uneven, grain at the low airflow locations might not be cooled
or dried, which may lead to grain spoilage during storage.
There are very limited studies on the DFM distribution in
on-farm grain silos, although segregation in granular materials during handling has been extensively studied (Fan
†

Received 21 June 2021; Accepted 2 August 2021
J-STAGE Advance published online 11 September 2021
Add: Winnipeg, MB R3T 5V6, Canada
E-mail: Fuji.jian@umanitoba.ca
TEL: +1-204-474-7965

100

et al., 2017; Gray, 2018; Mosby et al., 1996). Applying the
knowledge of particle segregation to analyzing the DFM
distribution may help to better understand the distribution
of DFM in grain silos, thus improving management of
stored grain to reduce grain spoilage.
Loading grain into silos through a central spout from the
roof top is a special case of surface flows of granular materials, that is, a thin layer of grain continuously flows on the
top of a nearly quiescent granular bed. Even though granular surface flows are important in many industrial practices
and natural systems, and have been extensively studied,
our understanding of surface flows is still incomplete at
present, and in particular no constitutive laws are currently
able to predict and explain all the range of segregation
behaviors of DFM in grain silos. The relevant segregation
mechanisms involved in DFM distribution have yet to be
identified, although there were several studies on DFM
distribution inside grain silos (Bartosik and Maier, 2006;
Chang et al., 1981; 1983; Jayas, 1987; Narendran et al.,
2019; Salarikia, et al., 2021).
Fan et al. (2017) extensively reviewed physical mechanisms of heap segregation and developed predictive
models. Similar reviews were conducted by Gray (2018),
and Mosby et al. (1996). However, these reviews did not
provide any specific information of heap segregation for
farm grain silos filled by a central spout. The review in this
article focused exclusively on the segregation of DFM inside on-farm grain silos. The main objectives of this review

Copyright © 2022 The Author. Published by Hosokawa Powder Technology Foundation. This is an open access
article under the CC BY license (https://creativecommons.org/licenses/by/4.0/).
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were to identify the main mechanism(s) of DFM segregation and main factors influencing these mechanisms.
Commonly used experimental methods and mathematical
models to analyze segregations and DFM distribution were
also reviewed.

2. Segregation mechanisms in grain silos
filled by central spouting
Researchers have reported different mechanisms of particle segregation, including agglomeration, air current, avalanche, bouncing, displacement, embedding, fluidization,
impact, percolation, push-away, rolling, sifting, sliding,
and trajectory (Fan et al., 2017; Jian et al., 2019; Mosby et
al., 1996; Tang and Puri, 2004). During grain loading and
unloading, more than one of these mechanisms occur simultaneously, and some of these mechanisms overlap with
each other or act as a special case of another mechanism.
Jian et al. (2019) attributed the primary patterns of segregation to four main mechanisms in bulk grain handling:
trajectory, fluidization, sifting, and impact segregation.
Another phenomenon, avalanche, could result in sifting
and fluidization segregation and induce variations of DFM
distribution at the silo center and walls.

2.1 Trajectory segregation
When a mixture of particles with different sizes, shapes
and densities leaves a loading equipment, such as a spout,
auger, and conveyor, at an initial velocity, dense and larger
particles have higher momentums than light and small
particles. In addition, particle shape and size differences
also result in different air drag forces while the particles are
moving in the air. Due to this combined effect of momentum and drag force small and light particles do not travel as
far as large and dense particles, and thus accumulate under
the spout at the center of silos (Fig. 1). After the particles
have landed on the heap, the momentum in the horizontal
direction causes them to roll or slide along the heaped
surface and small particles percolate through the pores
among larger particles during rolling or sliding, resulting in
sifting segregation. The momentum in the vertical direction

Fig. 1

pushes particles far away from the drop location, resulting
in impact segregation.
If the initial velocity of particles leaving the loading
equipment is zero in the horizontal direction, rolling and
sliding occur on the surface of heap due to the difference
in repose angle between different materials, resulting in
sifting segregation.
The consequence of trajectory segregation during central
spout loading is that fines, small stones, other particles
larger and denser than grain kernels, such as internode and
wild oat kernels, and other larger grain kernels with similar
density are concentrated at the central of the silo (Fig. 1).
This result was consistent with the observations reported
in the literature. Salarikia et al. (2021) found that broken
and shrunk kernels even distributed from the center to the
walls in a grain silo. This could be explained by their similar shapes and densities as the small grain kernels, which
were not segregated from the sound grain kernels. Other
particles which are larger and less dense than grain kernels,
such as chaff, straw, knuckle, rachis, and spikelet, could be
more influenced by sifting segregation on the heap surface.

2.2 Impact segregation
When particles hit the heap surface, larger particle can
push small particles further down the heap surface towards
the silo periphery (Fig. 1) due to lower mass of the small
particles (Carson et al., 1986). This impact segregation
may result in a wider distribution of some small particles,
while the larger particles mostly stay at the heap center.
Narendran et al. (2019) found that small canola kernels
were concentrated at the periphery of the bin filled with
clean wheat mixed with soybean, red kidney bean, and
canola. The authors suggested the impact segregation
was responsible for the canola distribution, while some of
red kidney bean and soybean kernels were embedded in
the wheat mixture after pushing away the canola kernels.
Furthermore, impact and trajectory segregation also result
in the same distribution for large and heavy particles (like
stones). For small particles, even though impact segregation can result in a different segregation pattern from trajectory and sifting segregation, its effect in farm silos might
be minimum because of the low percentage of the large and

Schematic of four primary segregation mechanisms in bulk materials.
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heavy particles in grains (Jian et al., 2019). In other words,
impact segregation might not a main mechanism for the
DFM distribution pattern in farm silos.

2.3 Fluidization segregation
Fluidization segregation can occur when a grain bulk
containing light materials such as dusts and small chaff
is loaded into a silo and the drop height is high enough to
induce air currents by the moving streams of grain (Carson
et al., 1986; Mosby et al., 1996). The effect of the air currents increases with the increase of drop height and loading
rate. This type of fluidization segregation results in settling
of dust and chaff on the surface of the grain pile (Fig. 1),
which might not influence the DFM distribution because
dust and chaff on the heap surface would be further segregated on the heap surface due to the surface flows. Fluidization segregation can also occur when the grain mixture
fluidizes on the surface of the heap and pushes lighter
and larger particles away from the heap center (Zigan et
al., 2008). This type of fluidization segregation might be
more influenced by the avalanche segregation (Fig. 2). The
dust content is usually much lower than other impurities
in stored grain (Jian et al., 2019). Therefore, fluidization
segregation in farm silos might not be a main mechanism
influencing the DFM distribution.

2.4 Sifting (sieving) segregation
Sifting segregation occurs when particles are moving
over each other (Fig. 1), e.g., particles in the grain bulk roll
or slide down on the surface of a grain pile when the angle
of the heap is larger than the repose angle of the grain bulk.
The heap surface acts like a sieve and smaller particles are
more likely to be embedded in the surface pores and gradually percolate down to the bottom of the moving layer,
while larger particles have a higher probability of sliding
or rolling down further from the top of the heap and stay
on the surface (Ketterhagena et al., 2007; NourmohamadiMoghadami et al., 2020; Tang and Puri, 2004). Johanson et
al. (2005) identified three requirements for sifting: 1) the
fines must be small enough to fit through the pores in the
coarse matrix; 2) inter-particle motion must exist to allow

Fig. 2
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fine particle to be exposed to multiple voids, and 3) the
fines need to be significantly free flowing to pass through
the pores and result in percolation. Carson et al. (1986)
concluded that sifting (sieving) was the most important
mechanism in heap segregation when the content of fines
was low because when there were enough large particles to
form a moving layer, the fines could pass through this layer
and percolate downwards. The effect of sifting segregation
is that small particles end up at the locations close to the
heap center, which is similar to the pattern of trajectory
segregation. Grain bulks usually have low concentrations
of fines and the size ratio of grain kernels to the fines is
usually larger than 1.5 (Makse et al., 1998), which explains
why stratification rarely occurs and the sifting segregation
for fines in grain silos might be one of the main mechanisms.

2.5 Avalanche segregation
Avalanche segregation on heaped surfaces has been
extensively studied (Dahmen et al., 2011; Fan et al., 2017;
Gray, 2018; Lemieux and Durian, 2000; Pouliquen et al.,
1997; Woodhouse et al., 2012), but not specific to loading
of crop grain into storage silos. Narendran et al. (2019)
were the first to report the occurrence of avalanche during
grain loading. At low loading rates, the particles can build
up at the apex of the pile and the dynamic angle of repose
gradually increases. After the dynamic angle of repose
becomes larger than the static repose angle of the heap, the
dynamic angle collapses, which results in an intermittent
and periodical avalanche. Sifting segregation occurs during
avalanching because small particles percolate to the bottom
of the flowing layer and large particles move upwards as
the grain and DFM mixture moves along the heaped surface. This results in a stratification pattern which has interleaved layers of large and small particles. The stratification
layers are then buried by subsequent avalanches, which ultimately may result in a Christmas tree distribution pattern.
At high loading rates, the grain continuously moves down
the heap, resulting in fines close to the drop point and the
large particle close to the base of the heap or the silo walls
(Fig. 2). Surface avalanches, during which the grain bulk
can shear and dilate freely on the heap surface, provide the

Schematic of avalanche segregation and kink.
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ideal conditions for segregation because: 1) shear force on
the surface of the heap could slow down the moving of the
particles and different velocities of different particles will
enlarge spaces between them; 2) more large spaces make
more particles sifting down possible; and 3) low velocities
give particles more time to sift down. In certain situations
(e.g., condensed chaff at the moving front of avalanches),
the large particles are stopped before the flowing particles
reach the base of the pile, which leads to the formation of
a kink. This kink moves in the direction opposite to the
flow of grain, conserving its profile until it reaches the top
of the pile. When a grain bulk contains a small number of
larger particles (than the grain kernels), a kink might not
occur, but the silo walls might produce the same effect as
the kink movement when grain kernels have a small repose
angle (Fig. 2). A kink will not occur when grain particles
in different avalanches move together. The phenomena
of kink and Christmas tree have not been reported during
grain loading.
A structure of “Christmas tree” had been observed in discrete avalanching flow (Gray, 2018; Khakhar et al., 2001;
Lemieux and Durian, 2000). The “Christmas tree” distribution of DFM would not be observable during grain loading
if frequency of avalanche is high so that grain mixtures in
different avalanches move together at the same time. This
high frequency can occur at high loading rate which was
observed in most published studies (Bartosik and Maier,
2006; Chang et al., 1981; 1983; Jayas, 1987; Narendran et
al., 2019; Salarikia et al., 2021) and during grain loading
into farm silos (Fig. 2). If the total percentage of DFM is
low, the “Christmas tree” distribution will not occur neither
(Narendran et al., 2019).
Segregation patterns due to avalanches are dependent on
several factors, including how the heap forms, the heap geometry, the loading rate, and the size ratios of the particles
on the heap (Mosby et al., 1996). Even though avalanche is
a simple phenomenon, its occurrence is difficult to predict,
and it is not known how and when it occurs under what
grain loading conditions. Therefore, DFM segregation due
to avalanche is also not fully known. Avalanches might
frequently and irregularly develop at the free surface of
heaps. Therefore, segregation due to avalanche is complex
because the heap geometry changes continuously during
grain loading, and so do the static and dynamic angles of
repose on the heap. The angle of repose is mostly influenced by irregularity of the particles (e.g., larger sphericity
has a smaller repose angle) and the composition of the particle assembly at the apex, both might change continuously
during grain loading. At the same time, high moving speed
of avalanche can cause fines and larger particles to move
far away from the central drop point, resulting in sifting
segregation and wide distribution of fines. Grain mixtures
can either segregate into layers or remain mixed, dependent
on the balance between particle-size and particle-density

segregation. Therefore, segregation due to avalanche could
result in variations of DFM distribution even at the same
grain loading conditions and might be the main reason
causing the DFM variations at the center and walls. This
speculation should be further verified.

3. Segregation mechanisms responsible for
DFM distribution during grain loading
Grain loading consists of several consecutive steps:
heap formation at the drop point, particles moving along
the heap surface and stopping at the walls, and avalanches
occurring at the apex of the heap. Therefore, multiple
segregation processes (mechanisms) occur simultaneously
when grain is loaded into the silo. Most experiments reported in the literature only presented the final conditions
after the grain had been loaded into the silos. It is difficult
to systematically assess each segregation mechanism at
each step of grain loading.
In on-farm grain silos in Canada and USA, the DFM
is usually lower than 1 % and occasionally could reach
to the maximum 15 % (Jian et al., 2019). When the DFM
concentration is low, the trajectory and sifting segregation
might become more significant. Avalanching can intensify
sifting segregation and fluidization segregation of chaff.
Therefore, these main segregation processes (trajectory,
sifting, and avalanche segregation) result in a concentrated
distribution of smaller and denser particles (smaller than
the sound grain kernels) at the center and larger and lighter
(than the sound grain kernels) particles at the walls. The
cleanest location (minimum amount of fines and chaff) is
the annular area about the midway between the silo center
and walls (Jayas, 1987; Salarikia et al., 2021). Even though
different researchers had different conclusions on the dominant mechanisms of segregation and the factors influencing
segregation, they usually reported this similar distribution
pattern (Bartosik and Maier, 2006; Chang et al., 1981;
1983; Salarikia et al., 2021), and the only exception is the
fine distribution in canola silos (Jayas, 1987) (Table 1).
Chang et al. (1981) reported that more than 10 % fines were
found at center of a corn silo, while less than 4 % fines
were found at other locations. In a wheat silo, Chang et al.
(1983) found more than 4 % of fines were at the silo center,
while less than 4 % fines at other locations. In a 10-meter
diameter silo, fine particles, dust, fragments, and foreign
materials (corn and soybean kernels) mainly accumulated
in the center, while chaff accumulated mostly near the
walls (Salarikia et al., 2021). Jayas (1987) found chaff was
concentrated near the walls of a canola silo.
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Table 1

Measured distribution of dockage and foreign materials in different studies.

Test condition a

Definition of DFM

DFM distribution

Sources

Corn was dropped at 7 m height into a
6.4 m diameter flat bottom silo through
a spout. Initial velocity was about
0.12 m/s

Particles passed through sieve
(4.8 mm diameter round-hole) were
fines

Fine at center ranged
from 2 to 22 % and
average of 4.5 % in
the bin

(Chang et al., 1981)

Grain was dropped through an orifice
at 7.4 m height into a silo with 6.4 m
diameter. Choke flow with 0.6 to
0.7 m/s initial loading velocity. Initial
fines were 2.00, 3.17, and 3.87 % for
wheat, corn, and sorghum, respectively.

Particles passed through a sieve
(1.6 × 9.5 mm 2 oblong-hole for
wheat, 4.8 mm diameter round-hole
for corn, 2.0 mm circle triangularhole for sorghum) were fines

Chang et al. (1983)
Fines were concentrated in the bin
center within a radius
of about 60 cm and
as 4 to 5 times higher
than the average

Canola (6 to 10 % moisture content)
was dropped at 7.2 m height into a
4.6 m diameter flat bottom silo

Chaff and canola were retained on
a 1.7 mm and 1.18 mm opening
meshes, respectively. Fines passed
through the 1.18 mm mesh

Jayas (1987)
Chaff was concentrated near walls. The
center and walls had
the similar fines

Wheat (12.2 % moisture content) was
dropped at 6 m height from a funnel
with 0.2 m by 0.3 m outlet to a 10 m
diameter flat bottom silo. Auger with
45 t/h was used to load the wheat to the
funnel

Wheat kernels < 3.35 mm and
> 2.0 mm. Other particles or
other grains were ≥ wheat kernels
(≥ 2.0 mm). Fines were pieces of
broken wheat kernels, awn, broken
chaff, and canola kernels (≥ 0.3 mm
and < 2.0 mm. Dusts < 0.3 mm

Salarikia et al. (2021)
Other particles were
concentrated near the
walls. Fines and dusts
were concentrated at
the bin center

Yellow dent shelled corn was dropped
at 7 m height into a 6.4 m diameter flat
bottom bin through a spout. Initial fines
were < 6 %

Particles passed a sieve (4.8 mm
round hole opening) were fines,
while retained on the sieve were
corn

Fines in the center
and walls ranged
from 11.6 to 24.8 %
and from 1.7 to
2.2 %, respectively

Stephens and Foster (1976)

Wheat mixture (including less than
6 % kidney bean, soybean, and canola)
was dropped at 2.4 m height into a 2 m
diameter circular steel ring

Three sieves with apertures of 7.09,
4.75 and 2.45 mm were used to
separate the grain mixture. Grain
mixture was cleaned before test

Canola was concentrated near walls,
kidney and soybean
were concentrated at
the middle radius

Narendran et al. (2019)

a

Drop height is the initial height and this height is gradually decreased as the increase of grain depth in the silo. Grain is dropped
at the roof centers of the bins in all tests.

4. Factors influencing segregation

4.1 Drop height

Many factors influence DFM distribution, including the
bin size and shape; physical properties of particles (grain
kernels and other materials), such as the size and size
distribution and size ratio, percentage of dockage and foreign materials, density, moisture content, shape and shape
factor, modulus of elasticity, friction coefficient, surface
texture, cohesion, and adhesion; and process variables
(loading method, loading direction and rate, drop height,
size of the loading outlet, heap size, and mixing ratio).
The factors that are mostly studied include the drop height,
grain type, silo size, and composition of grain bulks. Less
studied factors are the loading method, loading direction
and speed (loading rate), and the size of loading outlet.
There are several reports on DFM distribution by using
spreaders. However, spreader is rarely used now due to the
increased airflow resistance.

Researchers have drawn different conclusions on the
effect of drop height. Narendran et al. (2019) investigated
the effect of three different drop heights of 0.8, 1.6 and
2.4 m on segregation of canola, kidney beans, and soybeans mixed with wheat in a 2 m diameter steel ring. All
grains were cleaned before test and at ≤ 11 % moisture
content (wet basis). They concluded that loading height
significantly influenced the distribution for canola but not
for soybeans and kidney beans and the DFM distribution
in canola was mainly dictated by the impact segregation.
Nourmohamadi-Moghadami et al. (2020) found that as
the drop height decreased in a 1-m diameter bin filled with
shelled corn, broken kernels and foreign materials found in
the periphery of the bin decreased. They explained that the
velocity of the particles in the flowing layer of the grain on
the heap surface decreased as the drop height decreased,
which gave more time to the small particles to be embedded among large particles. Wheat in a 10 m diameter silo
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was studied for five loading heights (1.6, 2.5, 3.4, 4.3 and
5.2 m) by Salarikia et al. (2021). They observed that the
drop height significantly influenced the radial distribution
of fine particles, dust, and fragments, but not the distribution of other grain kernels (corn, soybean, white bean) and
other particles (straw, internode, knuckle, rachis, spikelet,
large chaff, wild oat kernels and stem) mixed in the wheat.
Even though the drop height influenced the fines and dusts,
no particular distribution pattern was found. Chang et al.
(1986) observed that the drop height up to 7.4 m had no
significant effect on the distribution of fines in bulk corn.
Jayas (1987) reported that the effect of drop height up to
7 m on the distribution of fines and chaff in canola was insignificant. These different observations could be explained
by the low drop height in the reported studies (≤ 7 m) and
different definitions of fines. A greater drop height mostly
results in more impact segregation which embeds more
larger particles and bounces more small particles away
from the silo center. The amounts of larger particles and
small particles are usually lower than the fines and chaff
in grain silos, and therefore the drop height effect on DFM
distribution might not be observable.

4.2 Silo diameter
Heap formation during grain loading is one of the main
reasons that trigger particle segregation because sifting
segregation occurs as the particles move down on the heap
surface. Increase of the silo diameter leads to greater moving distances, hence large silos would intensify segregation
(Mosby et al., 1996). However, Prasad (1974) reported that
the distribution of dockage (smaller and larger than wheat
kernels in bulk wheat) followed the same trend in 4.2 m
and 5.4 m diameter bins. But it was not known whether
this no-difference was caused specifically by the small silo
diameters or not.

4.3 Size ratio
The difference in particle sizes (or the size ratio) is the
most important reason for segregation in bulk materials.
The degree of segregation increases with the increase of the
size ratio. Unfortunately, size ratio was not reported in the
literature related to the segregation of crop grain mixtures
because it was difficult to quantify the size ratio in a crop
grain mixture with different particle sizes. Therefore, size
ratio can be estimated by using the average size of sound
kernels and the average size of the segregated particles.
Stephens and Foster (1978) pointed out that the segregation of fines (smaller than 1.2 mm) in wheat and sorghum
(larger than 2.0 mm) was lower than the segregation in corn
(larger than 4.8 mm). However, Chang et al. (1983) showed
no difference in the trend of fine distribution between corn,
wheat, and sorghum in 6.4 m diameter silos.

4.4 Percentage of DFM and moisture content
The percentage of DFM and moisture content of grain
might also influence the particle segregation because:
1) grain kernel with a higher moisture content is usually
larger than the same kernel with a lower moisture content;
2) grain kernels with different moisture contents might
have different shapes and different friction forces between
kernels; 3) different amounts of DFM could influence the
occurrence (frequency and size) of avalanches and associated segregation; and 4) more DFM with a larger size ratio
could result in more impact and kink segregations. In a silo,
different parts might be subjected to different segregation
mechanisms if the percentage of dockage and foreign
materials, moisture content of the grain mixture change.
However, Narendran et al. (2019) found that the percentage
of other grains (kidney bean, soybean, and canola) in the
wheat bulk did not have any significant effect on the distribution and segregation of the other grains.

4.5 Missing link
It is generally agreed that segregation can be influenced
by many factors, but these factors are not all considered in
most studies. Specifically, 1) most studies only separated
the larger and smaller particles from the grain kernels
(Table 1); 2) some factors were not controlled or difficult
to control (Table 1), so the multifactor effects or interaction
of multifactors might be missed if only examining the final
DFM distribution; and 3) the segregation mechanisms
might be induced from the DFM distribution, and these
mechanisms are usually specified in a qualitative mode,
which further contributes to the mystery of the effect of
these factors on segregation.

5. Experimental studies
5.1 Focus of measurements
One of the main reasons why particle segregation is
remained somewhat mysterious is that it is difficult to
collect the evolving particle size distribution data to verify
the segregation mechanisms. In grain storage management,
the most concerned detrimental effects of DFM distribution are: airflow resistance during drying and aeration;
insect multiplication and fungi infestation in concentrated
DFM regions; uneven distribution of fumigants during
fumigation; and uneven distribution of gases (CO2, N2,
and O2) during controlled atmosphere storage. Therefore,
most methods used to measure the DFM segregation are
designed to determine the airflow resistance and sample
the loaded grain to determine the DFM distribution after
the loading is completed. Compared to sampling grain
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for DFM determination, airflow resistance measurement
is relatively easy because it only needs to run the fan
and measure the airflow rate at the surface of the grain
bulk. However, this method can only provide an indirect
indication of the DFM distribution, not the actual DFM
distribution.

5.2 Field studies
There are a few studies on the mechanisms of segregation of DFM in grain silos filled by center spouts (Table 1).
Typical size on-farm grain silos with 4 to 10 m diameter
and up to 7.5 m drop heights have been tested (Table 1).
The tested crops included corn, wheat, sorghum, and
canola. Most of these studies were aimed to compare the
DFM distributions between spreader loading and spout
loading. It was found that spreader loading increased the
airflow resistance even though the DFM distribution was
more even than spout loading. In these studies, grain at
different locations was sampled after loading, and larger
impurities (chaff), small impurities, and grain kernels
were separated from the grain samples by using sieves. All
these studies did not further separate the larger and smaller
impurities except one study conducted by Salarikia et al.
(2021). Salarikia et al. (2021) further separated the small
impurities into shrunken and broken kernels, fine particles,
and dusts and fragments. The larger impurities were further
separated into stones, other grains, and other particles by
using sieves. This further separation provided more details
of the DFM distribution in silos.

5.3 Laboratory studies
Under lab conditions, the following factors influencing
DFM distribution have been studied: drop height, components of the grain bulk (mixture), filling method, loading
rate, and fill pipe diameter (Narendran et al., 2019). The lab
studies have improved our understanding of DFM segregation mechanisms, but they are usually conducted by using
smaller than 2 m diameter silos or rings, which limits the
heap size (please refer 4.2).

5.4 Limitations of current studies
One of the common limitations in most studies is the
focus on the DFM distribution without exploring the segregation mechanisms. Few studies have isolated the main
segregation mechanisms from other mechanisms. If only
measuring the final distribution, experiments are simple
because just loading the grain mixture into a grain silo can
achieve this goal. However, identifying particle movement
and segregation mechanisms during their movement requires different approaches and complex techniques, such
as high quality imaging and laser tracing (Lemieux and
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Durian, 2000; Pouliquen et al., 1997). Due to the lack of
information associated with the segregation of moving
grain kernels, segregation mechanisms and their impact
on DFM distribution can only be inferred from the final
observed DFM distribution, which might generate uncertainties. Currently, segregation mechanisms of grain kernels are also inferred from studies using non-grain kernels
such as sand and lead particles. Some early studies on the
segregation mechanisms of these non-grain particles used
the mechanical approaches such as mass and momentum
balances of the purely frictional fluid (Savage and Hutter,
1989), slow heap formation of cellular automata (Frette et
al., 1996), conservation of particles being absorbed into the
stationary heap or eroded from the heap into the flowing
layer (Bouchaud et al., 1994), and quasi-two-dimensional
heap formation of open and closed systems (Khakhar et
al., 2001). These approaches and models are capable of
describing the qualitative behavior of the system, but they
cannot predict the quantitative distribution of DFM in
grain silos because these predictions require the estimation
of several phenomenological parameters associated with
grain kernels and identification of the dominant segregation mechanisms, which have not been fully understood.

5.5 Inconsistencies
5.5.1 Confusion of definitions

Different studies use different definitions of DFM which
might lead to different conclusions. For example, fines are
usually defined in the literature as the particles smaller than
grain kernels (Table 1). However, different grain kernels
have different sizes, and the fines have different sizes in different reports. For example, Jayas (1987) defined the fines
as the particles passing through a Tyler woven wire mesh
with 1.18 mm opening and canola kernels were the underflow of a 1.70 mm opening and overflow of the 1.18 mm
opening (Table 1). Chang et al. (1983) defined the particle
passing 1.6 × 9.5 mm2 oblong-hole for wheat, 4.8 mm
diameter round-hole for corn, 2.0 mm circle triangular-hole
for sorghum. Salarikia et al. (2021) defined the fines as the
particles smaller than 2.0 mm. Therefore, fine distribution
inside canola bulks should have different patterns from
larger grain kernels if we define the fine as the particles less
than the grain kernels. Salarikia et al. (2021) found dusts
were concentrated in the bin center, while Jayas (1987)
found fines were not concentrated at the center of the bin,
and the concentration of fines near the bin center was
almost equal to that near the sides of the bin. These results
are not comparable due to the inconsistency in definitions.

5.5.2 Different sampling methods

Another reason generating different conclusions of DFM
distribution might be the method of sampling. Different
researchers used different sample sizes and units. Most
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researchers took less than 1 kg samples at few locations
and only separated chaff and fines from the samples
(Bartosik and Maier, 2006; Chang et al., 1981; 1983;
Jayas, 1987). Considering the uneven distribution and low
concentration of DFM, a few samples of 1 kg grain taken
from a silo holding more than 100 tons of grain might not
represent the DFM distribution (Jian et al., 2014). Salarikia
et al. (2021) took about 22 kg at each sample location and
different categories of DFM were further separated: stones,
other grains, other particles, shrunken and broken kernels,
fine particles, dusts, and fragments. Based on the larger
samples, this study had different conclusions from other
published studies on the distribution of shrinkage and broken grain kernels, other particles, dust and fragments, and
small and larger grain kernels.

6. Mathematical and numerical modeling
6.1 Mathematical modeling
Even though there is no theoretical model developed
to directly describe the DFM segregation in grain silos
with spout filling, models related to heap segregation have
been in existence. Some models are developed based on
continuum of mass and advection diffusion combined with
flux function. Some examples are the one-dimensional
models developed by Bridgwater et al. (1985) and Savage
and Lun (1988), and two-dimensional models developed
by Dolgunin and Ukolov (1995). Many models are developed based on mixture theory (Gray and Ancey, 2015;
Tunuguntla et al., 2014), and Gray et al. (2015) provided
an extensive review on these models. Non-diffuse theory
is also used by researchers to develop models describing
particles sheared over large heap surface (Pouliquen et al.,
1997; Pouliquen and Vallance, 1999; Woodhouse et al.,
2012). Depth-averaged models have been developed to
describe avalanches and finger instability (Woodhouse et
al., 2012). Other approaches such as segregation induced
by shear force (Fan and Hill, 2011), pure density (Tripathi
and Khakhar, 2013), and size (Marks et al., 2012) have
been tested. Gray et al. (2015) provided a review on the
modeling of a single avalanche (without mass exchange).
Even though these models mentioned above can help us to
understand the segregation mechanisms, these models are
not capable of predicting DFM segregation in silos because
they only consider the binary mixture or three components.
Gray (2018) reviewed these equations and solution techniques. Even though polydisperse mixture might be able
to be modeled, some additive decomposition mechanisms
must be introduced, hence the complexity. Marks et al.
(2012) developed an alternative theory for polydisperse
segregation with a continuous grain-size distribution that
is closer to the reality of both industrial and geophysical

materials. This model must be solved simultaneously in
five dimensions: space, time, and the three dimensions of
grain-size coordinates.
It should be noted that the models discussed above only
considered the open flow. Segregation in grain silos is the
closed flow except at the beginning of loading before grain
reaches the walls. The complexity of these models, as well
as the difficulties to solve the equations in the models, limits the practical applicability of these models to predicting
particle distributions.

6.2 DEM modeling
The discrete element method (DEM) has been used to
simulate the segregation of particle mixtures, but these
simulations are mostly used as a tool to understand the segregation principles by using the idealized materials and are
not yet at the stage of simulating segregation in real grain
silos. For example, by using DEM simulation, Pereira et al.
(2011) verified a continuum theory based on a species balance equation in the flowing layer by balancing the convective flow with diffusion and segregation fluxes. Khakhar et
al. (1999) used transport equations from the kinetic theory
of mixtures for a mixture of nearly elastic smooth particles
to analyze density segregation. Marks et al. (2012) used the
approach based on partial stresses in their DEM simulation.
Tripathi and Khakhar (2013) simulated the segregation
of granular mixtures of equal-size particles with different
densities. Using three-dimensional DEM model, Fan and
Hill (2011) proved that a gradient of shear rate alone could
drive segregation in dense sheared systems. The effect of
shear caused small particles to move to the regions of low
shear rate and large particles in the opposite direction. Currently, DEM simulations are typically limited to spherical
particles, and it is difficult to treat particles having irregular
shapes and a wide size distribution directly because of
mathematical complexity and computational demand. The
compromise is to treat the particles as “spherical particles
with an equivalent rolling behavior to the particle with
arbitrary shape” (Shimoska et al., 2013). This assumption
increases the prediction error, and the error is usually unacceptable for the grain industry because grain kernels and
DFM are usually not spherical particles.

7. Challenges and directions for future
research
A challenge of studying segregation in grain silos is
the difficulty in collecting the reliable detailed data which
can be used to identify the effect of individual segregation
mechanisms. High speed camera and laser used to capture
the motion of individual kernels during grain loading
might be the examples of collecting the reliable detailed
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data for the understanding of segregation mechanisms.
Another challenge is to develop predictive models capable
of handling multiple segregation factors and mechanisms.
Currently, researchers mostly focus on the final distribution
which can be directly used for grain storage management.
There are rarely fundamental studies on segregation
mechanisms and factors influencing these segregation
mechanisms. Without studying segregation mechanisms
and factors influencing segregation, focusing only on the
DFM distribution might impede the understanding of the
segregation mechanisms.

8. Conclusions
Loading grain into silos from a central spout is a most
common method used by the grain industry in the world
and a special case of heap flows of granular materials. This
loading method results in a concentrated distribution of
smaller and denser particles (smaller than the sound grain
kernels) at the center and larger and lighter (than the sound
grain kernels) particles at the walls of silos. The main
mechanisms responsible for this distribution pattern are
trajectory, sifting, and avalanche segregations. The main
factors influence these main segregation mechanisms are
size ratio and percentage of DFM and moisture content,
while the contribution of drop height and silo diameter to
this distribution pattern is not known due to limited studies
and contradictory reports on these factors. The following
facts also contribute to our incomplete understanding of
this distribution pattern: 1) both lab and field studies focus
on final distribution of DFM; 2) inconsistencies of term
definition, sampling method, and sample analysis; and 3)
no theoretical model is developed to directly explain the
DFM segregation in grain silos. One of challenges of studying segregation in grain silos is the difficulty in collecting
the reliable detailed data which can be used to identify the
effect of individual segregation mechanisms. Fundamental
studies on segregation mechanisms and factors influencing
these segregation mechanisms in the future might help our
understanding of this distribution pattern and develop a
theoretical model to predict this distribution pattern.
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Abstract
The synthesis of noble metals and their alloy nanoparticles by laser-induced nucleation is described. Femtosecond
laser pulses with an energy on the order of mJ were tightly focused to create an intensity of 1014 W/cm 2 or more in
an aqueous solution of noble metal ions. The intense laser field generated solvated electrons and hydrogen radicals
that have a highly reducing ability, resulting in nucleation through the reduction of the noble metal ions and
particle growth through ripening. This laser-induced nucleation method can be performed without any reducing
agents. Excess irradiation of chloroauric acid solution led to the formation of a stable colloidal solution of gold
nanoparticles without any surfactants. Additionally, the irradiation of a mixed solution of different noble metal
ions formed solid–solution alloy nanoparticles, even though these metals were immiscible in the bulk. Moreover,
the laser-induced nucleation made it possible to form quinary solid-solution alloy nanoparticles of noble metals.
The mechanism of superior catalytic activity found for alloy nanoparticles by using Rh–Pd–Pt solid–solution
nanoparticles is discussed in terms of elemental distributions inside the particles.
Keywords: high-intensity laser field, femtosecond laser, nanoparticles, solutions, noble metals

1. Introduction
Lasers have a variety of excellent features in terms of
wavelength, output, pulse width, spectral width, and so on.
As a result, many applications have been developed in a
wide range of fields, such as communication, information
technology, and medicine in both academic and industrial
societies. In particular, in laser processing, lasers are rapidly expanding the application range, for example, heating,
welding, cutting, drilling, marking, surface modification,
particle synthesis and thin film deposition by laser ablation,
and additive manufacturing. From the viewpoint of the
morphological transformation of a material, these process
techniques include top-down or bottom-up approaches
between large- and small-scale materials. One of the merits
of laser processing is the ability to sustain the crystalline
structure, composition, and property of the materials
during the process.
Currently, with the progress of laser technology, especially, ultrafast pulse generation and regenerative amplification, the laser output has become strong enough to
generate an unprecedented ultra-intense optical field. Sup†
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posing that a laser pulse with a pulse energy of 1 mJ and
a pulse width of 100 fs is focused to an area of 10 μm2 by
aberration-free optics, the peak intensity at the focal point
will be 1017 W/cm2, according to calculations. This value
is comparable to the Coulomb field inside the hydrogen
atom, which is 5.0 × 1011 V/m, corresponding to the light
intensity of 7.0 × 1016 W/cm2. Such an ultrahigh electric
field is not achievable by conventional electric techniques
and is expected to result in a novel reaction field in materials science. The reaction in this unprecedented field would
be different from those in a thermal equilibrium state at
high temperature achieved by commonly used processing
techniques and could offer an ultimate reaction field that
has never existed on Earth. Highly intense laser science,
however, has mainly focused on gas-phase reactions
(Cornaggia et al., 1995; Cornaggia, 1995; Castillejo et al.,
1999; Talebpour et al., 2000), where the density of atoms,
ions, fragments, and molecules are dilute enough to ignore
their interactions. As a result, the production of species
and molecules different from the starting materials in a
condensed state, such as a liquid or solid, has been outside
of the scope of highly intense laser science for a long time.
As a next step, small particle synthesis by laser irradiation of a solid target immersed in liquid has been reported,
which utilized the high energy density state created by the
confinement effect of plasma in liquid (Wang et al., 2002;
Pearce et al., 2004). In this pulsed laser ablation in liquid
(PLAL), a uniformly dense reaction field was formed to
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avoid the generation of large debris by suppressing the
laser energy. In contrast, as mentioned earlier, if ultrashort
laser pulses with an energy on the order of mJ are strongly
focused to a diffraction-limited small spot, an ultrahigh
intense laser field can be created in condensed matter,
like liquid or solid, by using a commercially available
regenerative amplifier laser system. In this intense laser
field, photoionization and photodissociation of materials
will instantly lead to the formation of high-temperature
and high-density plasma. The expansion of the plasma
will be strongly suppressed, and the temperature will be
rapidly cooled down by the surrounding high-density and
low-temperature materials, resulting in a non-equilibrium
process that is much faster than conventional processes.
We focused on the non-linear and non-equilibrium
reaction field created near the focal point of ultrafast laser
pulses with a high peak power and addressed the nanoparticle (NP) synthesis of noble metals and their alloys in
the highly intense laser field. In this review, we describe
the distinguishing properties found for NPs fabricated by
highly intense laser irradiation of aqueous solutions of
metallic ions, especially, the synthesis of stable colloidal
solutions of gold (Au) NPs without any dispersants, the
catalytic activity of alloy NPs, and the synthesis of solid–
solution quinary alloy NPs.

2. Experimental procedures
A schematic drawing of the experimental setup is shown
in Fig. 1. Focused femtosecond laser pulses were irradiated
on aqueous solutions of metal ions held in a fused-silica
cuvette for a predetermined time. The laser pulses were
generated from a regenerative amplifier of a mode-locked
Ti:sapphire oscillator. The center wavelength was 800 nm,
the pulse width was 100 fs, the maximum pulse energy was
6 mJ, and the maximum repetition rate was 1 kHz. The
laser pulses were delivered from the side of the cuvette and
were focused near the center of the cuvette by an aspherical
lens with a focal length of 8 mm and a numerical aperture
of 0.5. The lens diameter of 10 mm was the same as the
beam diameter of the laser pulses. In Fig. 1, the drawing

corresponds to a stationary system, where the liquid sample
was held in the cuvette, whereas a flow system was available by circulating the liquid sample with a feed pump to
substantially increase the production rate of NPs (Muttaqin
et al., 2015). This was because the liquid flow was able
to remove the bubbles that were generated by the laser
irradiation of the liquid sample, as shown in Fig. 1, and
interrupted normal focusing of the laser pulses.
The intensity of light at the focus can be calculated to be
3 × 1018 W/cm2 if we ignore the aberration of the focusing
optics. However, the lens used in the experiment was not
optimized for this experimental condition. The diameter
of the focus was estimated to be 175 μm mainly due to
the spherical aberration at the interfaces between air/glass
and glass/liquid, resulting in an intensity at the focus of
2.5 × 1014 W/cm2, which was sufficiently strong enough to
induce photodissociation and photoionization of the liquid
sample.

3. Formation mechanism of noble metal and
alloy nanoparticles in the highly intense
laser field
The nanoparticle synthesis of noble metals and their
alloys that we developed was not based on a conventional
morphological change of materials but a physicochemical
reaction induced by the highly intense laser field. The
process is accomplished by the reduction of metal ions
with solvated electrons and hydrogen radials, which are
generated by photodissociation and photoionization of
water molecules. Below, the synthesis of gold (Au) NPs by
highly intense laser irradiation of an aqueous chloroauric
acid solution is presented as a typical example. When an
aqueous chloroauric acid solution was irradiated, a bright
flash of plasma emission near the focal point and the
generation of hydrogen and oxygen gas were observed.
With increasing irradiation time, the transparent aqueous
solution changed to red purple, which corresponded to
localized surface plasmon resonance (LSPR) of Au NPs
at approximately 520 nm. In fact, many spherical Au NPs
with an average size of 10 nm were observed by transmission electron microscopy (TEM). From these observations,
the following mechanism for the nanoparticle synthesis
was inferred.

2H 2O (h)  2H 2O *  2H 2O   2e 
  OH •  H O 
 2e aq
3
  H O  H•  H O
e aq
3
2
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  OH •  OH 
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Fig. 1 Schematic of the experimental setup.
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When an intense laser is used to irradiate an aqueous
– ), hydrogen radicals (H•),
solution, solvated electrons (eaq
(6)
•
and hydroxy radicals (OH ) are generated by multi-photon
absorption and avalanche photoionization (Eqs. 1 and
2). According to a pump–probe experiment, this process
would be completed in several hundred femtoseconds.
Monte Carlo simulations predicted that the solvated
electrons recombine on the picosecond order (Eqs. 2 and
3), and the formation of hydroxy ions is more dominant
(Thomsen et al., 1999). The redox potentials of a solvated electron and hydrogen radical are –2.77 VSHE and
–2.10 VSHE, respectively, which are high enough to reduce
metal ions in aqueous solution, resulting in the formation of
neutral metal atoms (Eqs. 4 and 5) and NPs (Eq. 6) owing
to the nucleation and succeeding ripening process. Because
the reduction process completes on the picosecond order
as mentioned above, the particle growth is limited in a
short period just after every laser pulse. Additionally, the
short reaction time results in the reaction being localized
to a small area near the laser focus. In summary, metal
nanoparticle formation by “laser-induced nucleation” is
characterized as reducing agent-free with a short reaction
time and localized reaction. Of note, the reaction free from
any reducing agents results in significant benefits, such as
simplification of the formation process and clean particle
surfaces.

All the spectra were obtained by subtracting the data for
the sample before the laser irradiation. At the beginning,
remarkable changes were not observed. After 3 min, the
absorbance at approximately 520 nm corresponding to the
LSPR of Au NPs appeared and increased with increasing
irradiation time, as indicated by the arrow in the figure.
This visible change of the LSPR rapidly decreased and
stopped at 14 min. The peak absorbance corresponding to
the LSPR is plotted as a function of the irradiation time in
Fig. 3. A rapid rise of the LSPR absorbance from 3 min to
14 min is clearly visible. After 14 min of irradiation, the
LSPR absorbance gradually decreased.
The termination of the rapid increase of absorbance at
14 min suggested that the auric ions in the solution were
mostly exhausted by laser irradiation. Although reduction
of auric ions was not further expected, a morphological
change in Au NPs can be expected upon extending the laser
irradiation. When laser irradiation was continued after the

4. Gold nanoparticles with high dispersion
stability without a dispersant

Fig. 2 UV–visible absorption spectra of the chloroauric acid solution at
a concentration of 2.5 × 10 –4 mol/L measured every 30 s in situ during
laser irradiation.

The progress of particle formation can be monitored
through the absorption peak of specific ions or the LSPR
of the Au NPs. Once the absorbance of a species of interest
becomes saturated, the reduction of metal ions is mostly
completed; thus, we can cease laser irradiation. For the
irradiation of the chloroauric acid solution, the Au NPs
aggregated and precipitated sooner or later. However, when
the irradiation was continued after absorbance saturation,
the Au NPs showed morphological stability, and the colloidal solution remained in the dispersed state for at least
several months (Nakamura et al., 2013). Next, we discuss
the phenomenological change that occurred to the Au NPs
with increasing irradiation time.
Fig. 2 shows the UV–visible absorption spectra of
the chloroauric acid solution with a concentration of
2.5 × 10–4 mol/L recorded every 30 s during the laser irradiation. The repetition rate of the laser pulses was 30 Hz.

Fig. 3 Time variation of the LSPR peak absorbance in the UV–visible
absorption spectra of the chloroauric acid solution measured in situ
during laser irradiation.
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termination, the shape and size of the Au NPs were investigated by TEM observations. Fig. 4 shows the TEM images
of the Au NPs fabricated by laser-induced nucleation with
different irradiation times. The Au NPs coalesced with
others until 14 min. Upon further irradiation, the particles
were partly dispersed, and the particle size became smaller.
At 60 min, the nanoparticles were well dispersed, and the
particle size became much smaller. The particle size variation with irradiation time is shown in Fig. 5. The particle

size variation is clearly observable in the TEM images.
Specifically, the dispersion and the mean size of the particles became smaller with irradiation time. The UV–visible
absorption spectra showed no significant difference after
14 min of irradiation, whereas the morphology of the Au
NPs drastically changed, as shown in the TEM images.
These findings suggested that the electronic property of the
Au NPs was affected by the excess laser irradiation.
We analyzed the long-time dispersion stability because
the Au NPs were well dispersed after 60 min, as shown in
Fig. 4(d). In Fig. 6, we show the absorption spectra of the
colloidal solution of Au NPs 1 day and 2 weeks after preparation with different irradiation times. Each inset shows

Fig. 4 TEM images of the Au NPs fabricated by laser-induced nucleation with irradiation times of (a) 9, (b) 14, (c) 20 and (d) 60 min.

Fig. 5 Mean particle size of the fabricated nanoparticles as a function
of irradiation time.

Fig. 6 Long-time variation of the UV–vis. absorption spectra of the colloidal solutions of Au NPs prepared by laser-induced nucleation for different
irradiation times of (a) 9, (b) 14, (c) 20, and (d) 60 min. Insets: photographs of the colloid solution (i) just after irradiation, (ii) 1 day later, and (iii) 2
weeks later.
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photographs of the solutions. For the irradiation times of
9 and 14 min, the LSPR peak became predominant 1 day
after irradiation. At this irradiation time, the reduction of
auric ions was not completed, and the Au NPs grew via a
self-catalytic effect. The particles were aggregated 2 weeks
later, as shown in Figs. 6(a) and (b). For the irradiation
time of 20 min, the increase in the LSPR peak 1 day after
preparation became small likely because the reduction of
auric ions was almost competed, and further growth of the
particles was inhibited.
In contrast, the UV–visible absorption spectra of the
colloidal solution prepared with 60 min of irradiation time
showed no significant change even after 2 weeks, as shown
in Fig. 6(d). This stable dispersion state was maintained
for at least several months. The zeta potential of the Au
NPs in suspension was approximately –30 mV, meaning
that the particle surface was negatively charged. A similar
result was been reported for Au NPs fabricated by PLAL
(Sylvestre et al., 2004), where the colloidal dispersion
stability of the Au NPs was attributed to the partial surface
oxidation and the transfer of negative charge from the
chloride ions during the intense laser ablation of the bulk
Au in water. Additionally, fragmentation by the prolonged
irradiation, which effectively reduced the particle size,
should have contributed to the dispersion stability through
the increase of the specific surface area of the NPs.

5. Structure of multi-elemental alloy
nanoparticles and their catalytic activity
Laser-induced nucleation can produce not only noble
metal nanoparticles (Nakamura et al., 2008; 2011) but also
alloy nanoparticles of noble metals from mixed aqueous
solutions with different noble metal ions, e.g., gold (Au)
and silver (Ag) (Herbani et al., 2011). The compositional
distribution in the synthesized nanoparticles was uniform,
meaning that the nanoparticles were a solid solution
(Herbani et al., 2012; Sarker et al., 2013). Most noble
metals (rhodium (Rh), palladium (Pd), Ag, iridium (Ir),
platinum (Pt), and Au) crystallize in a face-centered cubic
(fcc) structure, except for ruthenium (Ru) and osmium
(Os), which have a hexagonal closely packed (hcp) structure. Accordingly, their alloys can be solid solutions, but
some alloys are phase-separated. For example, the Au–Pt
alloy exhibits phase separation in a wide composition range
in bulk, as shown by its binary phase diagram. Despite this
physical inclination in the bulk, laser-induced nucleation
can synthesize all-proportional solid–solution Au–Pt alloy
NPs from a mixed ion solution of chloroauric acid and
chloroplatinic acid (Nakamura et al., 2012). The solid–
solution of the Au–Pt alloy is considered to be a metastable
state. Accordingly, it is presumed that the synthesis of
solid–solution Au–Pt NPs is possible not by the conven-
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tional thermal equilibrium process but by laser-induced nucleation, which accompanies rapid cooling of the reaction
field. The synthesis of all-proportional solid–solution alloy
NPs has been achieved for other combinations of noble
metals (Sarker et al., 2015; Nakamura and Sato, 2015). Not
only binary but also ternary alloy NPs were synthesized
(Sarker et al., 2014).
Because the properties of solid–solution alloy NPs of noble metals are not well known, it is attractive to determine
the unknown properties of those NPs. Below, we focus on
Rh–Pd–Pt NPs, which have been utilized as a three-way
catalyst for emission gas purification of automobiles, and
show the catalytic activity of solid–solution Rh–Pd–Pt
alloy NPs produced by laser-induced nucleation (Sarker et
al., 2019).
A mixed aqueous solution of rhodium (III) chloride
trihydrate, palladium (II) chloride, and hydrogen hexachloroplatinate (IV) hexahydrate at a concentration of
2.5 × 10–4 mol/L was prepared. In this case, citric acid at
10 wt% was added to improve the particle size dispersion
for improved evaluation of the catalytic activity. The prepared solution was irradiated by laser pulses at a repetition
rate of 100 Hz for 30 min, which was much longer than
the time required for the reduction of noble metal ions in
the solution. The structure and composition of the NPs
obtained were analyzed by a scanning TEM with energy
dispersive X-ray spectroscopy (STEM–EDS).
The STEM images and elemental mappings of the
fabricated NPs are shown in Fig. 7(a). Three elements distributed uniformly in the entire particle. The EDS analysis
revealed that the elemental composition was Rh29Pd35Pt36,
which was close to the initial mixing ratio of metallic ions
of Rh:Pd:Pt = 1:1:1 in the mixed aqueous solution. These
observations suggested that solid–solution alloy NPs were
formed and their composition reflected the initial mixing
ratios of noble metal ions in the aqueous solution.
The catalytic activity of the Rh–Pd–Pt alloy NPs was
evaluated through oxidation of carbon monoxide (CO).
The conversion ratio from CO to carbon dioxide (CO2)
was measured in a reaction chamber with 1 % CO and
0.5 % O2 in helium gas for pure metal and their alloy NPs
supported on γ–alumina particles. Fig. 8 shows the CO
conversion ratios as a function of reaction temperature for
the pure metal and their binary and ternary alloy NPs prepared by laser-induced nucleation. Among the pure metal
NPs, Rh was most active at low temperature. In contrast,
the catalytic activity of the Pt NPs was low owing to the
well-known surface poising and the adsorption of CO on
the particle surface.
The catalytic activities of binary and ternary alloy NPs
were improved compared with the Pt NPs but almost the
same as those of Rh and the Pd NPs. It has been reported
that Rh–Pt (Alayoglu and Eichhorn., 2008) and Pd–Ru
(Kusada et al., 2014) alloy NPs show higher activity than
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Fig. 7 STEM–EDS mappings for (a) the Rh–Pd–Pt alloy NPs prepared by laser-induced nucleation from a mixed ion solution and (b) the Rh–Pd–Pt
alloy NPs after heat treatment.

Fig. 8 Catalytic CO conversion of the Rh, Pd, Pt, Rh–Pd, Rh–Pt, Rh–Pt,
and Rh–Pd–Pt NPs as a function of temperature. Reprinted from Ref.
(Sarker et al., 2019) under the terms of the CC-BY-NC 3.0 license. Copyright: (2019) The Authors, published by The Royal Society of Chemistry.

Fig. 9 Catalytic CO conversion of the alloy NPs before and after heat
treatment. Reprinted from Ref. (Sarker et al., 2019) under the terms of
the CC-BY-NC 3.0 license. Copyright: (2019) The Authors, published by
The Royal Society of Chemistry.

their pure metal NPs. This catalytic enhancement of the alloy NPs was attributed to the electron displacement owing
to the core–shell structure in the Rh–Pt NPs and the defects
due to the mismatch of crystal structures of bulk Rh (fcc)
and Ru (hcp) for Rh–Ru NPs. In contrast, the homogeneous
structure of the alloy NPs prepared by laser-induced nucleation could not contribute to the activity. This encouraged
us to compare homogeneous NPs with inhomogeneous
solid–solution alloy NPs, which can be formed by heat
treatment of solid–solution alloy NPs.
The STEM images of the heat-treated NPs and the
elemental mappings are shown in Fig. 7(b). The elemental components, especially Pt, were inhomogeneously
distributed in the NPs after heat treatment compared to the
as-prepared NPs, as shown in Fig. 7(a). Fig. 9 shows the
catalytic activities of the NPs with heat treatment. Clearly,
the catalytic activity of the heat-treated NPs increased at
low temperature as expected. This result explicitly verified
that the enhanced catalytic activities of the alloy NPs in the

preceding studies were intimately related to the inhomogeneity of the elemental distribution inside the NPs.
This method was able to form solid–solution alloy NPs
simply by mixing ion solutions of different noble metals.
In addition to binary and ternary alloy NPs, the formation
of quaternary and quinary alloy NPs was achieved by
laser-induced nucleation. Fig. 10(a) shows a STEM–
HAADF image of the NPs fabricated in the mixed metal
ion solutions of Rh, Pd, Ir, Au, and Pt. Corresponding elemental maps by EDS are depicted in Figs. 10(b)–(f). Every
element was uniformly distributed inside the particles, suggesting that quinary solid–solution alloy NPs were formed.
Observations using high-resolution transmittance electron
microscopy revealed that the NPs were polycrystalline. According to the definition (Miracle, 2019), the nanoparticles
synthesized here were of a high-entropy alloy because they
contained five elements. Because the crystalline structures
of Rh, Pd, Ir, Au, and Pt are unexceptionally fcc, as mentioned before, it is easy to assume that their solid–solution
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Fig. 10 (a) STEM–HAADF image of nanoparticles formed by laser-induced nucleation using the mixed metal ion solutions of Rh, Pd, Ir, Au and Pt.
(b)–(f) corresponding elemental EDS maps.

alloy NPs can be formed. However, their binary phase
diagrams suggest that six out of ten combinations are immiscible. Miscible combinations are limited to the Au–Pd,
Ir–Rh, Pd–Pt, and Pt–Rh systems, indicating the difficulties
involved in the formation of their solid–solution alloy NPs.
Thus, the non-thermal equilibrium process achieved by the
laser-induced nucleation may be a promising tool for the
formation of high-entropy alloy NPs.

Nomenclature
EDS

Energy dispersive X-ray spectroscopy

fcc

face-centered cubic

HAADF

High angle annular dark field

hcp

hexagonal close-packed

LSPR

Localized surface plasmon resonance

NP

Nanoparticle

6. Conclusion

PLAL

Pulsed laser ablation in liquid

STEM

Scanning transmission electron microscopy

We demonstrated the nanoparticle formation of noble
metals and their alloys in the highly intense laser field generated by tightly focusing ultrashort optical pulses in aqueous solution. This “laser-induced nucleation” is free from a
reducing agent because the highly intense laser irradiation
of the aqueous solution was able to produce solvated
electrons and hydrogen radials directly from water molecules, which act as strong reducing agents for metal ions.
Prolonged irradiation of chloroauric acid solution resulted
in the formation of an Au colloidal solution with a stable
dispersive state over several months. Owing to the ultrafast
and non-thermal nature of the intense laser process, solid–
solution alloy NPs were formed even though the elements
were immiscible in the bulk. The solid–solution alloy NPs
with a homogeneous elemental distribution contributed to
the superior catalytic activity of the alloy NPs, which were
formed by a conventional chemical process and had an
inhomogeneous elemental distribution.
With the progress of laser technology, the intense laser
field will offer an extremely non-linear, non-equilibrium,
high-temperature and high-pressure field that has never
existed on Earth. We are expecting that this unprecedented
state opens the door to ultimate technologies in both science and industry.

TEM

Transmission electron microscopy

k

rate constant of reaction (dm3 mol–1 s –1)

λ

wavelength of light (m)

VSHE

redox potential for standard hydrogen electrode (V)
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Abstract
Recently, various types of functionalized metal oxide nanoparticles have been used for many applications because
of their unique chemical and physical properties. To synthesize metal oxide nanoparticles, liquid-phase synthesis
techniques have been developed. The production process of metal oxide nanoparticles in aqueous media is
extremely complex because the formation, crystal structure, crystallinity, chemical composition, and morphology
of the particles are considerably dependent on the preparation conditions (e.g., anion and cation concentrations and
species, additives, solution pH, reaction temperature, and reaction time). Accordingly, clarifying these effects is
fundamental to accurately understand the formation mechanism of metal oxide nanoparticles to further develop
new functionalized nanoparticles. In this review, the influence of anions (Cl–, SO42–, and NO3–) and cations (Ni2+,
Cu 2+, and Cr3+) on the formation and structure of iron oxide nanoparticles in aqueous media is described.
Keywords: metal oxide nanoparticle, liquid-synthesis, particle formation, iron oxide particle, anion, cation

1. Introduction
In industries, various types of functionalized metal oxide
nanoparticles, such as iron oxide, silica gel, alumina, zinc
oxide, and titania, have been developed and used for many
applications (e.g., catalysis, adsorbent, biomedicine, magnetic data storage, agriculture, fuel cell, pigment, and sensor material) because of their unique chemical and physical
properties (Iler R.K., 1979; Cornell R.M. and Schwertmann
U., 1996; 2000; Fujishima A. et al., 1999; Rodríguez
J.A. and Fernández-García M., 2006; Chavali M.S. and
Nikolova M.P., 2019; Korotcenkov G. et al., 2019). To
further improve the particle properties, controlling the
particle shape and size, monodispersity, and crystallinity is
necessary. However, in general, the synthesis of high-quality nanoparticles, such as monodisperse single-crystal
nanoparticles, is considerably difficult (Matijević E., 1985;
Sugimoto T., 1987; 2001; Pelizzetti E., 2011). Metal oxide
nanoparticles can be produced using solid, liquid, and gasphase synthesis techniques. Among these, the liquid-phase
synthesis affords several advantages (Gutch A. et al., 2004;
Feng J. et al., 2015; Karatutlu A. et al., 2018): (1) low-cost
particle production can be performed; (2) surface active
nanoparticles can be obtained; (3) particles from a homoge-

†

Received 28 July 2020; Accepted 1 October 2020
J-STAGE Advance published online 28 November 2020
Add: 1060 Nishikawatsu, Matsue, Shimane 690-8504, Japan
E-mail: hidekazu@riko.shimane-u.ac.jp
TEL/FAX: +81-852-32-6823

neous solution can be prepared; (4) preparation conditions
(e.g., reaction temperature and time, anion and cation
concentrations, additives, solution pH, and raw materials)
can be easily controlled; (5) particle shape and size can be
regulated by the abovementioned preparation conditions
and method. Based on these benefits, various liquid-phase
synthesis techniques for the production of metal oxide
nanoparticles have been developed, and approximately
45 % of functionalized nanoparticles are synthesized
through these methods in the industry (Charitidis C.A. et
al., 2014). The liquid-phase synthesis can be classified into
two approaches: “Top-down approach” and “Bottom-up
approach.” In the “Top-down approach,” nanoparticles are
synthesized by etching the macro-sized or micro-sized bulk
materials in aqueous media (e.g., wet milling, lithography,
laser ablation, and chemical etching). In the “Bottom-up
approach,” nanoparticles are prepared by assembling small
blocks, such as atoms and molecules, in aqueous media
(e.g., sol-gel, precipitation, pyrolysis, and chemical reduction methods).
The formation and growth processes of metal oxide
nanoparticles in aqueous media have been investigated
(Ostwald W.Z., 1900; LaMer V.K. and Dinegar R.H.,
1950; Reiss H., 1951; LaMer V.K., 1952; Feitknecht W.,
1959; Lifshitz I.M. and Slyozov V.V., 1961; Hsu P.M.,
1972; Hsu P.M. and Ragone S.E., 1972; Misawa T. et al.,
1974; Dousma J. et al., 1976; 1978; 1979; Murphy P.J. et al.,
1976; Blesa M.A. and Matijević E., 1989; Cornell R.M. and
Schwertmann U., 1996; 2000; Ishikawa T., 1997; Schultz
M. et al., 1999; Jolivet J-P., 2000; Kandori K., 2002; Tamura

Copyright © 2022 The Author. Published by Hosokawa Powder Technology Foundation. This is an open access
article under the CC BY license (https://creativecommons.org/licenses/by/4.0/).
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Fig. 1 Formation and growth processes of iron oxide particles from aqueous Fe3+ solution.

H., 2008; Thanh N.T.K. et al., 2014; Plote J., 2015). Fig. 1
shows the formation and growth processes of iron oxide
nanoparticles from aqueous Fe3+ solution.
Fe3+ + 6H2O → Fe(H2O)63+

(1)

The Fe(H2O)63+ ions are hydrolyzed to generate Fe(OH)
3+
n(H2O)6–n ions (n = 1–6) via protolysis reaction (2).
Fe(H2O)63+ + nH2O → Fe(OH)n(H2O)6–n3+ + nH3O+ (2)
Further, the Fe(OH)n(H2O)6–n3+ ions are condensed via
oxolation reaction (3).
>Fe–OH + HO–Fe< → >Fe–O–Fe< + H2O

(3)

Then, the >Fe–O–Fe< groups are hydrolyzed via olation
reaction (4).
>Fe–O–Fe< + H3O+ → >Fe–OH–Fe< + H2O

(4)

Reactions (1)–(4) continuously proceed to yield multinuclear Fe3+ complex ions. These ions further grow to
produce an embryo through ion collisions in which the
reaction continuously breaks down and reforms during
the reversible reaction stage. When the embryo exceeds
a certain critical size, it becomes a nucleus, which is
considerably more stable. The generated nucleus is further
grown to form fine primary particles, which transform into
crystals via two possible routes: “aggregation mechanism”
and “ion diffusion growth mechanism”. In the former
route, aggregates are generated by the agglomeration of
primary particles. During aging, the primary particles in the
aggregates solidify into crystalline particles. In the latter
mechanism, solute ions are diffused and deposited on the
primary particles to form crystalline particles. The growth
process of α-FeOOH particles is depicted in Fig. 2. In this
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case, the primary particles composed of fine crystals are
regularly combined by –O– and –OH– bonds to crystallize
as α-FeOOH. Accordingly, the formation process of metal
oxide nanoparticles is considerably complex and is not
fully understood. The formation, crystal structure, crystallinity, chemical composition, and particle morphology are
extremely dependent on the preparation conditions, such
as anion and cation concentrations and species, additive,
solution pH, and reaction temperature and time. Among
these, anion and cation were observed to markedly affect
the formation and structure of iron oxides. The phase stability of γ-FeOOH was lowered by Cl– and SO42– (Sudakar
S. et al., 2003). Moreover, the increase of [SO42–]/[Cl–]
ratio in the aqueous Fe2(SO4)3–FeCl3 solution accelerated
the α-FeOOH formation (Oh S.J. et al., 2002). Further, the
addition of SO42– and SO32– significantly impeded the formation and crystallization of β-FeOOH (Ishikawa T. et al.,
2005; Kamimura T. et al., 2005; Tanaka H. et al., 2016a; b).
The crystallization and growth of α-FeOOH and β-FeOOH
particles were inhibited by adding Cu2+, Ni2+, Cr3+, and
Ti4+ (Inouye K. et al., 1968; 1972; Ishikawa T. et al., 2000;
2001; 2002; 2003; 2009; Nakayama T. et al., 2005; Tanaka
H. et al., 2013a; b). Accordingly, elucidating these effects

Fig. 2 Growth process of α-FeOOH crystal.
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is fundamental to accurately understand the formation
mechanism of metal oxide nanoparticles.
In this review, the influence of anions and cations on
the formation and structure of iron oxide nanoparticles is
described based on our research. The iron oxide nanoparticles were synthesized in the presence of anions (Cl–, SO42–,
and NO3–) and cations (Ni2+, Cu2+, and Cr3+) (Tanaka H.
et al., 2013a; b; 2015; 2016a; 2018). The results can aid
in developing new functionalized nanomaterials using the
liquid-phase synthesis technique.

2. Influence of anions on formation of iron
oxide particles
The influence of anions on the formation of iron oxide
nanoparticles was examined by synthesizing the particles
from Fe3+ solutions containing Cl–, NO3–, and SO42–. A
mixture of aqueous FeCl3, Fe2(SO4)3, and Fe(NO3)3 solutions were aged at 50 °C for 48 h. Prior to aging, the solution pH was approximately 2. The generated precipitates
were filtered out, thoroughly washed with deionized-distilled water, and air-dried at 50 °C.
The amount of products formed is shown in Fig. 3.
This amount is increased by incrementing the quantity of FeCl3 added to the FeCl3–Fe(NO3)3 system. In
the Fe(NO3)3–Fe2(SO4)3, Fe2(SO4)3–FeCl3, and FeCl3–
Fe(NO3)3–Fe2(SO4)3 systems, increasing the quantity of
Fe2(SO4)3 addition reduces the amount of formed products.
The amount of these products eventually become zero
when higher amounts of SO42– are added. These results
indicate that the formation of iron oxides is inhibited by the
addition of SO42–.
The major formation species of iron oxides is shown in
Fig. 4. Iron-oxyhydroxysulfate (Fe8O8(OH)6(SO4)·nH2O:
Schwertmannite) is formed by adding SO42–, however,
the addition of a large amount of SO42– prevents the generation of iron oxides. In contrast, β-FeOOH is mainly
yielded in the FeCl3–Fe(NO3)3 system, and α-FeOOH is
only generated in the Fe(NO3)3 system, indicating that the
FeCl3–Fe(NO3)3 system favors the formation of β-FeOOH

Fig. 3 Plots of amount of products formed in FeCl3–Fe(NO3)3–
Fe2(SO4)3 system. Adapted with permission from Ref. (Tanaka H. et al.,
2013a). Copyright: (2013) Elsevier B.V.

rather than α-FeOOH.
Transmission electron microscopy (TEM) images of
the formed particles are shown in Fig. 5. The spherical
α-FeOOH particles with an average diameter of 358 nm are
generated in the Fe(NO3)3 system. In the FeCl3–Fe(NO3)3
system, the spherical α-FeOOH particles virtually diminish, and rod-shaped β-FeOOH particles are observed. Further, as the amount of added Cl– increases, the mean length
and width of β-FeOOH particles increase from 677 nm to
1.48 μm and from 130 to 238 nm, respectively. Hence, the
incorporation of NO3– slightly suppresses the growth of
β-FeOOH particles. In the Fe(NO3)3–Fe2(SO4)3 system,
needle-like Schwertmannite particles with a mean length
and width of approximately 260 and 15 nm, respectively,
are mainly formed. By adding NO3–, the Schwertmannite
particles disappear, and irregular-shaped α-FeOOH particles with an average size of 68 nm are generated. In the
Fe2(SO4)3–FeCl3 system, increasing the amount of added
SO42– decreases the particle size of β-FeOOH and forms
Schwertmannite particles (mean length = 136 nm, mean
width = 49 nm). In the FeCl3–Fe(NO3)3–Fe2(SO4)3 system,
due to the Schwertmannite, only needle-like particles
with a length and width of approximately 310 and 40 nm
are recognizable. These facts reveal that the presence of
SO42– in the aforementioned system remarkably precludes
the formation of α-FeOOH and β-FeOOH particles and
produces needle-like Schwertmannite particles. Note that a
higher SO42– content in the solution inhibits the formation
of particles. Thus, the effect of SO42– on the formation of
iron oxide particles is greater than that of Cl– and NO3–.
These results indicate that anions, such as SO42–, Cl–,
and NO3–, affect the formation, crystallization, and particle growth of iron oxides, and the effect is in the order
SO42– >> Cl– > NO3–. The affinity of anions to Fe3+ can
be evaluated through the stability constant (log K) of Fe3+
complexes with anions. The stability constant of Fe3+
complexes with SO42– is 4.1 and is considerably larger than
that with NO3– (1.0) and Cl– (0.6), indicating the strong

Fig. 4 Major iron oxides formed in FeCl3–Fe(NO3)3–Fe2(SO4)3 system.
( ) α-FeOOH, ( ) β-FeOOH, ( ) Schwertmannite, ( ) no precipitates. Adapted with permission from Ref. (Tanaka H. et al., 2013a).
Copyright: (2013) Elsevier B.V.
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Fig. 5 TEM images of the particles formed in FeCl3–Fe(NO3)3–Fe2(SO4)3 system. Adapted with permission from Ref. (Tanaka H. et al., 2013a).
Copyright: (2013) Elsevier B.V.

coordination of SO42– with Fe3+ compared with NO3– and
Cl– (Sillen L.G. and Martell A.E., 1964). Hence, the
SO42–-containing aqua Fe3+ complex [Fe(SO4)m(H2O)6–m]3+
is formed in the Fe(NO3)3–Fe2(SO4)3, Fe2(SO4)3–FeCl3
and FeCl3–Fe(NO3)3–Fe2(SO4)3 systems via hydrolysis
reaction (5).
Fe3+ + mSO42– + (6–m)H2O → [Fe(SO4)m(H2O)6–m]3+(5)
Moreover, [Fe(SO4)m(H2O)6–m]3+ is hydrolyzed via protolysis reaction (6).
[Fe(SO4)m(H2O)6–m]3+ + nH2O
→ [Fe(OH)n(SO4)m(H2O)6–n–m]3+

(6)

Consequently, when a small amount of SO42– is added,
the major product becomes Schwertmannite containing
SO42–. Upon increasing the amount of added SO42–, the
SO42– content in the [Fe(SO4)m(H2O)6–m]3+ ions increases
and the number of active >Fe–OH groups is reduced,
resulting in the suppression of olation reaction (3). Accordingly, no precipitates are generated at higher SO42– contents
in the solution. In contrast, β-FeOOH is mainly produced
in the FeCl3–Fe(NO3)3 system. The stability constants
of Fe3+ complexes with Cl– and NO3– are considerably
lower than that with SO42–. Hence, the addition of Cl– and
NO3– prevents the progress of reactions (1)–(4), leading
to the formation of the amorphous precursor of α-FeOOH
and β-FeOOH particles during aging. It has been established that the isoelectric point (iep) of iron oxides and
oxyhydroxides, such as α-FeOOH, β-FeOOH, γ-FeOOH,
Fe3O4, and α-Fe2O3, is a neutral pH, and aforementioned
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materials have a positive surface charge in the acidic
solution (Cornell R.M. and Schwertmann U., 1996; 2000).
Moreover, the ionization energy of NO3– is larger than
that of Cl– (Lang P.F. and Smith B.C., 2003). Therefore,
the added Cl– preferentially adsorbs on the surface of the
amorphous precursor to form Cl–-containing β-FeOOH
particles. However, the decrease in the amount of added
Cl– reduces the size of β-FeOOH particles, indicating the
inhibition of their growth as a result of the adsorption of
NO3– on the precursors.
To clarify the influence of anion and solution pH on the
formation of iron oxide nanoparticles, the particles were
synthesized from the FeCl3–Fe2(SO4)3–Fe(NO3)3 system
at different OH–/3Fe3+ molar ratios. The OH–/3Fe3+ ratio
ranges 0–1.5 through the addition of NaOH solutions.
The pH titration curves of aqueous FeCl3, Fe2(SO4)3, and
Fe(NO3)3 solutions are shown in Fig. 6. All the curves are
practically identical, indicating that the solution pH is independent of the anions. At OH–/3Fe3+ = 0–1.0, the solution
pH becomes practically constant (i.e., 2–3) because of the
reaction of Fe3+ with the added OH– to precipitate Fe(OH)3.
At OH–/3Fe3+ > 1.0, the pH level of the solution suddenly
increases because all the Fe3+ transforms into Fe(OH)3.
The major products synthesized at OH–/3Fe3+ = 0–1.5 are
shown in Fig. 7. At OH–/3Fe3+ = 0.5, the hydrated iron
oxide Fe2O3•nH2O particles are mainly produced in the
FeCl3–Fe(NO3)3 system. In contrast, the Fe2(SO4)3–FeCl3,
Fe(NO3)3–Fe2(SO4)3, and FeCl3–Fe2(SO4)3–Fe(NO3)3 systems enhance the α-FeOOH formation. This is caused
by the transformation of Schwertmannite during aging
because this material is among the precursors of α-FeOOH
(Cornell R.M. and Schwertmann U., 1996; 2000; Tanaka
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iron oxide nanoparticles.

3. Influence of cations on formation of iron
oxide nanoparticles

Fig. 6 pH titration curves of aqueous FeCl3, Fe(NO3)3 and Fe2(SO4)3
solutions. Adapted with permission from Ref. (Tanaka H., 2015). Copyright: (2015) The Society of Powder Technology, Japan.

H. et al., 2013a; 2015; 2016a; Muguruma et al., 2015).
The major products at OH–/3Fe3+ = 1.0 and 1.5 (pH levels
are approximately 7 and 14, respectively) are ferrihydrites
(Fe5HO8·4H2O) and α-FeOOH, respectively. The foregoing means that raising the solution pH before aging lowers
the influence of anions on the structure and composition of

The influence of cations on the formation of iron oxide
nanoparticles was examined by synthesizing the α-FeOOH
particles with Ni2+, Cu2+, and Cr3+. Metal salts, such as
NiSO4, CuSO4, or Cr(NO3)3, and FeSO4 were dissolved
in O2-free deionized-distilled water, of which the metal/Fe
atomic ratio of the solution was 0–0.1. The aqueous NaOH
solution was added to the solution until the OH–/2Fe2+
ratio reached 0.05. The generated suspension was aged in
bubbling air at 50 °C for 24 h. The resulting precipitate
was filtered out, washed with deionized distilled water, and
air-dried at 50 °C.
X-ray diffraction (XRD) patterns of the products synthesized with Ni2+, Cu2+, and Cr3+ are shown in Fig. 8.
As shown in Fig. 8(A), with the addition of Ni2+, the
intensity and position of α-FeOOH peaks remain virtually
unchanged. As shown in Fig. 8(B), with Cu2+ addition, the
α-FeOOH peaks are weakened and broadened by increasing the Cu/Fe ratio. A similar tendency is observed with
the addition of Cr3+ as shown in Fig. 8(C). Besides, the
α-FeOOH peaks vanish at Cr/Fe ≥ 0.04 and broad peaks
ascribed to Schwertmannite are developed. Furthermore,

Fig. 7 Major product of the iron oxides formed at OH–/3Fe3+ = 0–1.5. ( ) α-FeOOH, ( ) β-FeOOH, ( ) Schwertmannite, ( ) no precipitates, ( )
Fe2O3·nH 2O, ( ) Ferrihydrite. Adapted with permission from Ref. (Tanaka H., 2015). Copyright: (2015) The Society of Powder Technology, Japan.

123

Hidekazu Tanaka / KONA Powder and Particle Journal No. 39 (2022) 119–129

Fig. 8 XRD patterns of the products synthesized in the presence of (A) Ni2+, (B) Cu 2+ and (C) Cr3+. metal/Fe: (a) 0, (b) 0.005, (c) 0.01, (d) 0.02, (e) 0.04,
(f) 0.06, (g) 0.08, (h) 0.1. Adapted with permission from Ref. (Tanaka H. et al., 2018). Copyright: (2018) Elsevier B.V.

sharp peaks due to Natrojarosite NaFe3(SO4)2(OH)6 appear
at Cr/Fe ≥ 0.08. Hence, the addition of Cu2+ and Cr3+
inhibits the crystallization of α-FeOOH and a considerable amount of added Cr3+ impedes the transformation
of Schwertmannite into α-FeOOH. The crystallite size
of α-FeOOH, which is calculated using the Scherrer
equation, is plotted against the metal/Fe ratio in Fig. 9.
The crystallite size is 24.1 nm when metal/Fe = 0 and it
decreases as the Cu/Fe ratio increases up to 0.02, indicating
that the crystallization of α-FeOOH is inhibited. The Cr3+
addition also reduces the crystallite size and its effect is
slightly higher than that of Cu2+ addition. Nonetheless, no
considerable influence is observed by Ni2+ addition. These
results indicate that the addition of Cu2+ and Cr3+ inhibits
the crystallization of α-FeOOH and the effect is in the order
Cr3+ > Cu2+ >> Ni2+.
In Fig. 10 is plotted the metal/Fe atomic ratio of the
particles estimated from the Ni, Cu, Cr, and Fe contents
against the metal/Fe ratio of the solution. It is clearly observed that the Cr/Fe ratio of the particles is considerably
larger than that of the solution. However, the Cu/Fe and Ni/
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Fig. 9 Crystallite size of α-FeOOH vs. atomic ratio metal/Fe. Adapted
with permission from Ref. (Tanaka H. et al., 2018). Copyright: (2018)
Elsevier B.V.
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Fig. 10 Plots of atomic ratio metal/Fe in particles against atomic ratio
metal/Fe in solution. Adapted with permission from Ref. (Tanaka H. et
al., 2018). Copyright: (2018) Elsevier B.V.

Fe ratios of the particles are lower than those of the starting
solutions. These indicate that the added Cr3+ is more easily
incorporated in the particles than Fe3+, in contrast, the uptake of Ni2+ and Cu2+ is difficult.
TEM images of the particles generated in the presence
of Ni2+, Cu2+, and Cr3+ are shown in Fig. 11. When metal/
Fe = 0, rod-shaped α-FeOOH particles with a length and
width of approximately 270 and 40 nm, respectively, are

recognized. The morphology of α-FeOOH particles is
unchanged by Ni2+ addition, indicating that the added Ni2+
has no considerable influence on the growth of α-FeOOH
particles. At Cu/Fe = 0–0.01, no significant change in the
morphology of α-FeOOH particles is observed. At Cu/
Fe ≥ 0.02, the rod-shaped α-FeOOH particles transform
into irregular α-FeOOH particles with a size of approximately 65 nm. Similar to Cu2+ addition, with Cr3+ addition,
increasing the Cr/Fe ratio up to 0.01 substantially reduces
the size of α-FeOOH particles to approximately 50 nm and
alters the rod-shaped particles into irregular ones. These
results indicate that the growth of α-FeOOH particles is
considerably suppressed by Cu2+ and Cr3+ addition. At Cr/
Fe ≥ 0.04, irregular-shaped Schwertmannite particles with
a size of approximately 25 nm are observed. Furthermore,
hexagonal Natrojarosite particles with a size of approximately 0.8 μm appear when Cr/Fe ≥ 0.06.
The formation and crystallization of iron oxide particles
considerably depend on the solution pH (Misawa T. et al.,
1974; Blesa M.A. and Matijević E., 1989; Cornell R.M.
and Schwertmann U., 1996; 2000; Tamura H., 2008).
The solution pH before aging is plotted as a function of
metal/Fe atomic ratio in Fig. 12. The solution pH before
aging is 7.0 at metal/Fe = 0 and is essentially not altered
by Ni2+ addition. Further, the solution pH before aging is
reduced by adding Cu2+ and Cr3+ up to metal/Fe = 0.02
and remains practically constant at approximately 4.5 and
4.0, respectively. This is due to the formation of Cu(OH)2

Fig. 11 TEM images of the particles generated with Ni2+, Cu 2+ and Cr3+. Adapted with permission from Ref. (Tanaka H. et al., 2018). Copyright: (2018)
Elsevier B.V.
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Fig. 12 Plots of the solution pH before aging as a function of atomic
ratio metal/Fe. Adapted with permission from Ref. (Tanaka H. et al.,
2018). Copyright: (2018) Elsevier B.V.

and Cr(OH)3 through the addition of NaOH solution because the reactions of Cu2+ and Cr3+ with OH– progress at
pH ≥ 4.2 and ≥ 4.0, respectively (Baes Jr C.F. and Mesmer
R.E., 1986). Hence, lowering the solution pH before aging
by adding Cu2+ and Cr3+ suppresses the crystallization and
particle growth of α-FeOOH. To verify this, α-FeOOH
particles were prepared at pH = 4.0 and 7.0 without metal
ion addition. The XRD patterns and TEM images of the
obtained particles are depicted in Fig. 13. It is evident that
the reduction in solution pH before aging significantly
weakens and broadens the α-FeOOH peaks. Moreover,
the crystallite size of α-FeOOH obtained at pH = 4.0 is
7 nm less than that at pH = 7.0 (24 nm). Further, the rodshaped particles become irregular with a size of ca. 30 nm.

These results indicate that reducing the solution pH before
aging by adding Cu2+ and Cr3+ considerably prevents
the crystallization and particle growth of α-FeOOH. The
crystal structure of α-FeOOH consists of double chains of
edge-shared Fe3+ octahedron, as shown in Fig. 2 (Cornell
R.M. and Schwertmann U., 1996; 2000). The ionic radii
of octahedral Ni2+ (0.069 nm) and Cu2+ (0.072 nm) are
larger than that of octahedral Fe3+ (0.064 nm), hence, the
substitution of Ni2+ and Cu2+ with Fe3+ in the α-FeOOH
crystal is difficult (Shannon R.D., 1976). The solution pH
before aging is markedly decreased by addition of Cu2+
and Cr3+, consequently impeding the growth of α-FeOOH
crystals and particles, nonetheless, Ni2+ addition exhibits
no distinct influence. In contrast, the added Cr3+ is easily
incorporated into the α-FeOOH crystal by substitution
with Fe3+ to form α-CrxFe1–xOOH solid solution because
the ionic radius of Cr3+ in the octahedron (0.063 nm) is
the same as that of Fe3+ (0.064 nm) (Shannon R.D., 1976).
Further, increasing the amount of added Cr3+ induces the
formation of Cr3+-doped Schwertmannite particles. As
mentioned above, Schwertmannite is one of the precursors
of α-FeOOH. Therefore, the incorporation of Cr3+ into
Schwertmannite stabilizes its crystal structure, thus inhibiting its transformation into α-FeOOH. Consequently, the
formation, crystallization, and particle growth of α-FeOOH
are markedly impeded by Cr3+, and the effect is in the order
Cr3+ > Cu2+ >> Ni2+.

4. Conclusions
Recently, various functionalized metal oxide nanoparticles with unique chemical and physical properties have
been developed and applied in the fields of chemical

Fig. 13 XRD patterns and TEM images of α-FeOOH particles prepared at pH = 4.0 and 7.0. Adapted with permission from Ref. (Tanaka H. et al.,
2018). Copyright: (2018) Elsevier B.V.
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engineering, medicine, food, cosmetics, environment, etc.
The particle properties are extremely dependent on the
crystal structure, crystallinity, chemical composition, and
particle morphology. Therefore, nanoparticles with high
crystallinity, homogeneous chemical composition, uniform shape and size, and narrow particle size distribution
possess excellent chemical and physical properties. However, the synthesis of such particles is extremely difficult.
Hence, many researchers have investigated the synthesis of
high-quality nanoparticles using the liquid-phase synthesis
technique. The formation of nanoparticles is considerably
affected by a number of factors, such as the anion and
cation concentrations and species, additive, solution pH,
and reaction temperature and time. To derive high-quality
nanoparticles, gaining insight on the fundamental principles of the formation mechanism and process of nanoparticles is necessary. Accordingly, a systematic study of the
particle formation is absolutely essential for the development of new functionalized nanoparticles.
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Abstract
Li-ion batteries with “nickel” as the main material or the highest ratio material on the cathode or anode electrode
have attracted considerable attention. Nickel has high strength and corrosion resistance. Nickel has also been
utilized successfully as the cathode and anode materials. The specific capacity and energy and power density of the
material increased with increasing nickel content. However, several problems have limited the use of nickel-based
Li-ion batteries. Problems such as cation mixing, the properties of nickel, and highly Ni-rich compounds leading
to side reactions, influence the electrochemical performance of Li-ion batteries. The morphology is another factor
affecting the electrochemical performance. Further studies will be needed to synthesize materials with the desired
morphology and determine how the morphology affects the electrochemical performance. In a morphological
perspective, extensive morphological adjustments are a pathway to a long and stable life cycle. In this light, nickelbased electrodes are manufactured continuously and will always be considered for next-generation secondary
energy storage. The morphology of nickel-based active materials is one of the main factors determining the highperformance of Li-ion batteries.
Keywords: morphology, Li-ion batteries, nickel-rich electrode, anode and cathode

1. Introduction
Nickel is the main highlight among researchers and
industry. It is considered a versatile element because it is
applied in various materials and technologies. The metal
has high strength and corrosion resistance. Thus, it is often
essential in construction materials, such as well-known
stainless steels (Dewangan et al., 2015). Recently, nickel
has found new applications in electrochemical energy
storage that will permit increased mobility and flexibility.
Interestingly, with current environmental issues, such as
global warming and air pollution, nickel-based energy storage will be required in developing and developed countries
(Ye et al., 2021).
Secondary batteries with nickel-derived active materials have been developed since the 19th century. Nickelcadmium is the first nickel-based rechargeable battery that
was successfully commercialized back in the early 20th
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century. Since its discovery, poor electrochemical performance and treating highly toxic spent Ni-Cd batteries
have become major challenges. Its successor, Nickel-metal
hydride (NiMH), also faces problems limiting its application, such as high self-discharge and low cycle life. The
drawbacks of nickel-based energy storage have become
alarming. Therefore, during the shift to new technology,
Li-ion batteries, nickel-based electrodes were “temporally”
left behind (Elbert et al., 2010; Lee et al., 2009).
Since their successful commercialization, it was predicted that Li-ion batteries would dominate the energy
storage market. However, the dependence on cobalt-based
materials, such as LiCoO2, cannot endure (Nitta et al.,
2015; Toprakci et al., 2010). Cobalt is toxic and its exploitation has caused more harm than good. Even with
relatively good stability, it has low real capacity because
full Li-ion storage capacity was limited to 50 % to avoid
explosions caused by thermal and design failure. In addition, cobalt is very expensive compared to other common
transitional metals. These problems have shifted the
concerns of researchers and industries back to nickel as an
electrode material (Kalyani and Kalaiselvi, 2005).
Nickel has been used successfully utilized as both
cathode and anode materials. Layered structured lithium

Copyright © 2022 The Authors. Published by Hosokawa Powder Technology Foundation. This is an open access
article under the CC BY license (https://creativecommons.org/licenses/by/4.0/).
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transitional metal oxides (LTMO) were recently considered
high-performance and high energy density cathode materials. Based on Fig. 1, the proportion of nickel in LTMOs
has increased gradually over the past two decades, e.g., the
development of NMCs (lithium nickel manganese cobalt
oxide) and NCA (lithium nickel cobalt aluminum oxide)
(Yan et al., 2020). While there is no classification of NCA,
NMC cathode materials are classified based on the composition of the transitional metals and the types can be seen
in Fig. 1. Extensive efforts to increase the nickel content in
NMCs cathode materials have been reported. The specific
capacity, energy density, and power density of the material
increase with increasing nickel content. However, several
problems are still being faced during its implementation.
Nickel-rich cathode materials, such as LiNiO2, LiNi1–x–y
CoxMnyO2 (x + y < 4), and LiNi0.8Co0.15Al0.05O2, are often
produced with poor electrochemical properties because of
cationic exchange between Li+ and Ni2+ from their lattices,
where the cell suffers high irreversible capacity loss during
its use (Lei et al., 2019a). Nickel-rich materials are also
hygroscopic, which means they attract water molecules
when not stored and handled properly. Highly reactive
nickel-rich compounds at elevated working voltages also
result in undesirable side reactions between the nickel-rich
cathodes and the aprotic carbonate-rich electrolyte, producing unwanted side products that cause a rapid decrease in
capacity or lifetime. Studies have confirmed that the cation
mixing level can be reduced by the synthesis conditions and
doping process in a nickel-rich cathode. Hygroscopicity
can be overcome by proper storage conditions or coating of
materials (Huang et al., 2014). The unwanted side reactions
that occur during cell use can also be suppressed by coating
the materials. However, adding a coating to a nickel-rich
cathode is considered uneconomical because the coating
process requires additional processing and production (Lu
X. et al., 2019). Tailoring the particle morphology can
also reduce the reactivity of Ni-rich cathodes. In addition,
different morphologies result in different electrochemical
behavior in Li-ion cells (Hwang et al., 2012).
Nickel-based anodes have undergone continuous devel-

Fig. 1

opment to replace existing carbonaceous anodes (Zuniga et
al., 2019). Carbonaceous anodes have low gravimetric and
volumetric capacity. To obtain commercialized artificial
graphite, an extremely high heating process is necessary.
Even with excellent performance, Li dendrite formation is
an alarming phenomenon in graphite anodes because it can
potentially cause battery failures. These concerns prove
that state-of-the-art anode materials are urgently needed.
Metal-based anodes, specifically nickel-based anodes, such
as nickel oxides, nickel hydroxides, and nickel sulfides,
are being developed continuously. The high capacity, high
conductivity, easy recycling and reuse, and high availability make the metal-based anodes economically attractive.
However, large capacity loss during the initial cycle often
occurred because the Li storage mechanism involves a conversion and alloying-dealloying process (Wang L. et al.,
2018). This problem can be overcome by morphological
tailoring.
As Ni-rich Li-ion batteries are the market giant for
current and future energy storage, an understanding of the
factors that affect the electrochemical performance of the
cells is required. Accordingly, because the morphology of
the particle affects the electrochemical performance, this
paper presents a review of nickel-based electrode synthesis
toward its electrochemical behavior based on a morphological perspective.

2. Particle morphology for nickel-based
anode material
Currently, various nickel-based materials have been
applied as the anode material in Li-ion batteries. Oxides,
hydroxides, sulfides, carbonates, and oxalates of nickel
as anode material are representative examples. The electrochemical performance of these materials is mostly improved because of their unique morphologies. This section
discusses the morphology of the nickel-based materials and
their electrochemical performance.

The developments of LTMO-based cathodes.
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2.1 Nanosheets nickel-based anode materials

2.3 Nanoplate nickel-based anode materials

Nanosheets Ni(OH)2 has been developed and successfully applied as an active material of Li-ion batteries.
Various precursors of Ni(NO3)2・6H2O and NiCl2・6H2O
provide uniform and ultra-thin nanosheet particle with
particle dimension range between 20–30 µm. Particle morphology from NiSO4・6H2O showing larger particle with
dimension range between 30–50 µm. The electrochemical
performance of Ni(OH)2 are 1790/1157, 1945/1282, and
2019/1358 mAh g–1 with columbic efficiencies 65, 66, and
67 % (Li Yanwei et al., 2017). Modification of Ni(OH)2 by
Al doping has been reported. The study showed the addition of Al slightly alter the particle dimension with specific
capacity of 681 mAh g–1 at 20 % Al content and capacity
retention of 50 % after 30 cycles (Li Y. et al., 2016).
Cycle ability of Ni(OH)2 can be improved by Ti3C2 lamination via hydrometallurgy method. In the study, Ni(OH)2/
Ti3C2 electrode material has Li capacity of 121.3 mAh g–1,
higher than pure Ni(OH)2 (117.6 mAh g–1) with stable
cycle performance after 1000 cycles (Li C. et al., 2020).
Double hydroxide metal transition, Nickel-cobalt, with
ultrathin graphene surface layer is an alternative to a
stable electrochemical cycle performance of nanosheets
Ni(OH)2 (Shi et al., 2017). Ni(OH)2 blending with PANI
and graphene oxide exhibited improved cycle ability with
only 15.6 % capacity drop after 2000 cycles (Ma et al.,
2016). This technique also successfully implemented in
Ni-Co phosphates which had excellent cycling ability and
stability after 9000 cycles (Li B. et al., 2017).

Nanoplate Ni(OH)2/Graphene anode material was produced by hydrothermal reaction of NiNO3, ammonia and
graphene at 150 °C for 12 h. It exhibited Initial specific
capacity of 1318 mA/g and average capacity loss of about
0.11 % after 100 cycles (Du et al., 2018).

2.2 Nanoflakes nickel-based anode materials
Nanoflakes Ni(OH)2 was obtained via precipitation and
hydrazine assisted reduction process. Blended with rGO,
the material delivered high initial capacity of 1500 mAh g–1
and 1003 mAh g–1 after 40 cycles (Zhu et al., 2014). Nanoflake NiO as anode material was successfully obtained
by chemical liquid deposition in Ni-foam followed by
atmospheric heat treatment at 350 °C. The material delivered discharge capacity of 1.94 mAh cm–2 and capacity
retention 71.1 % after 140 cycles (Ni et al., 2013). Another
approach to obtain nanoflake NiO is via chemical bath
deposition before being inserted into Ni foam. It exhibited
initial capacity of 700 mAh g–1 and 490 mAh g–1 after 50
cycles (Huang et al., 2009). Nanoflake NiS from hydrothermally treated NiCl2 and metal alloying was also reported.
The electrochemical performance test showed initial discharge capacity of 584.6 mAh g–1 and capacity retention
of 34.2 % after 30 cycles (Zhu et al., 2011). Flake-shaped
carbon-NiS was obtained also via hydrothermal process
with addition of glucose as carbon source. The material
initial and 20th discharge capacity was 575.4 mAh g–1 and
200 mAh, respectively (Wang et al., 2013).
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2.4 Nanorod nickel-based anode materials
SEM analysis of a NiS-graphene composite revealed
nanorod morphological particles. NiS-graphene with a
nanorod morphology was produced using the Hummers
method followed by thermal reduction. The NiS to
graphene mass ratio that indicates a nanorod morphology
was 2:1.
The electrochemical performance test revealed an initial
discharge capacity of 458 mAh g–1. This was smaller than
NiS:graphene = 1:1, which had been discussed elsewhere
in the sub-chapter nanosheet reported (Geng et al., 2014).
The NiS nanorod morphology also could be produced
using a solvothermal reaction. The raw material for the
Ni-source and S-source was nitrate-based and C2H5NS,
respectively. SEM showed that the concentration of the
reactant solution affected the morphology of the particle.
All concentrations produced a nanorod morphology, but
higher concentrations resulted in a decrease in NiS particle
size. The electrochemical test revealed good performance.
The initial discharge capacity was 670 mAh g–1, and good
cycling stability was observed after 100 cycles (Long et
al., 2016). Nickel oxalate (NiC2O4・2H2O) nanorod particles were synthesized using a hydrothermal method. The
temperature of the hydrothermal process influenced the
particle morphology. An urchin-like nanorod morphology
was observed when the reaction took place at 130 °C. On
the other hand, the ratio and size of the nanorod particles
increased when the reaction occurred at 170 °C. The initial
discharge capacity was 1109 mAh g–1 with cycling stability
of 85 % (Oh et al., 2016). Nickel oxalate was also used as a
precursor material for NiO (Du et al., 2020).

2.5 Nanospike nickel-based anode materials
NiS with nano-spike morphology was obtained using a
hydrothermal method in an autoclave reactor performed
at a temperature of 160 °C for 24 hours. Fig. 2a shows
a nano-spike particle. The electrochemical performance
test was conducted on a coin cell-type cell with NiS as the
cathode and Li-foil as the anode. The best initial discharge
specific capacity was 550 mAh g–1. Cycling stability after
100 cycles revealed 60 % capacity retention from its initial
capacity (Sonia et al., 2014). The NiS powder was modified
by adding a camphoric carbon solution to the raw material
to form “camphoric carbon wrapped NiS”. SEM and TEM
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Fig. 2 (a) Nano-spike morphology of NiS material, reprinted with permission from Ref. (Sonia et al., 2014) Copyright (2014) Elsevier B.V. (b) NiS
flower-like particle, reprinted with permission from Ref. (Ma et al., 2015) Copyright (2015) Springer Nature Limited, (c) NiS Urchin-like particle,
reprinted with permission from Ref (Mi et al., 2013) Copyright (2013) RSC Publishing.

revealed nano-spike particles. The modified-NiS was produced using a hydrothermal method in an autoclave reactor
at 160 °C for 24 hours. The electrochemical performance
test showed an initial discharge capacity of 500 mAh g–1.
The test revealed 75 % capacity retention after 100 cycles,
showing good cycling stability performance. The use
of camphoric carbon increased the cyclic performance
(Sebastian et al., 2014).

2.6 Urchin and flower like material
NiS material with an urchin-like morphology could be
obtained by adding cetyltrimethylammonium bromide
(CTAB) as an assistant. The flower-like NiS particles were
synthesized using a hydrothermal method. Fig. 2b presents
an SEM image of a flower-like NiS particle. The raw
material for the Ni-source was a nitrate salt and NaSCN
for the S-source. The highest initial discharge capacity
was 6733 mAh g–1. The cycling stability was tested until
10 cycles, showing 85 % capacity retention (Ma et al.,
2015). NiS with an urchin-like particle morphology was
synthesized from a nickel complex as a precursor using a
solvothermal method. Fig. 2c shows the NiS urchin-like
particle morphology. The electrochemical performance
was assessed using a coin-cell type cell. The initial discharge capacity of the battery was 597.3 mAh g–1 with a
voltage window of 1.0–3.0 V (Mi et al., 2013).
Table 1 summarizes the summary of nickel-based anode
morphology and their electrochemical behavior. A nickelbased anode with a unique morphology showed excellent performance in Li-metal batteries. With small or
nanoscale size, each material can store Li, even with
good cycling ability. In contrast to the graphitic or carbonbased anode, the insertion of Li-ions uses a conversion
mechanism rather than an intercalation mechanism.
Fig. 3 shows the role of morphology towards the electrochemical properties of nickel-based anode material in
Li-ion batteries. Studies showed that the nanostructure
property of anode material has significant roles in improving the electrochemical performance. It offers a large

contact of electrolyte to the surface of the material which
is beneficial for high current applications. Some of the
structure such as nanorods, nanowalls, nanoflakes has a
rigid structure that is able to accommodate volume change
strain during prolonged cycle of charge and discharge at
relatively high current. However, the capacity value is not
only affected by the morphology, but also the type of material and its lithiation-delithiation mechanism which will not
be discussed deeply. The cycle stability of the anode is also
greatly improved by addition of 2D nano-material such as
graphene, reduced graphene oxide (rGO), and Ti3C2.
The main disadvantage of the conversion anode is the
poor initial coulombic efficiency caused by a permanent
Li reaction with some of the anode. In Li-metal batteries,
the high Li-loss during the first cycle can be compensated
for by the abundant Li source of the Li anode. In full cells,
limited Li from the cathode materials can deteriorate the
electrochemical performance of the cells. Even with a
unique morphology, the initial lithiation capacity of Li in
conversion anodes is still much larger than the de-lithiation
capacity. However, efforts to increase the usability of
conversion-type materials for Li-ion full cells, such as a Lirich cathode material, material incorporation with carbon,
and pre–lithiation of conversion anodes, are still being
made (Qiu et al., 2018; Wei et al., 2020).

3. Nickel rich cathodes and their precursors
The synthesis of nickel-rich cathodes generally involves
two processes: the formation of nickel-rich cathode precursors and high-temperature lithiation. The formation
of precursors often determines the morphology of the
final products, even after undergoing a long heat-treatment
process. In this section, the formation of secondary particles is not discussed because the secondary particles are
often related to the final morphology of the particle. The
mechanism for the formation of secondary particles will be
discussed in the next segment.
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Table 1

Preparation of Ni-based particle for anode material of Li-ion batteries.

Ni-based Materials

Methods

Modification

Morphological
feature

Electrochemical
Performance (Capacity/
Cycle/Rate)

Reference

Ni(OH)2

Precipitation

—

Ultra-thin
nanosheet

2019/1358 mAh g–1/0.1 C

(Li Yanwei et al.,
2017)

Ni(OH)2

Precipitation

Al-doping 20 %
w/w

Nanosheet

681 mAh g–1/30
cycles/0.1 C

(Li Y. et al., 2016)

Ni(OH)2

Hydrothermal

Ni(OH)2/
delaminated-Ti3C2

Nanosheet

121 mAh g–1/1000
cycles/0.1 C

(Li C. et al., 2020)

Ni-Co-hydroxide

Hydrothermal

Combine Co-Ni
hydroxide

Nanosheet

373 mAh g–1/500
cycles/0.1 C

(Shi et al., 2017)

Ni(OH)2

One-step in-situ
polymerization

GO/PANI blending Nanosheet

Capacity fading 15.6 %
after 2000 cycles

(Ma et al., 2016)

Ni(OH)2

precipitation

rGO blending

Nano-flakes

1500/40 cycles/0.1 C

(Zhu et al., 2014)

NiO

CLD and graft
growth under air
condition

—

Nano-flakes

1.94 mAh
cycles/0.1 C

(Ni et al., 2013)

NiO

CBD

—

Nano-flakes

700 mAh g–1/50
cycles/0.1 C

(Huang et al.,
2009)

NiO

Hydrothermal

Graphene blending

Nanoplate

1318 mAh g–1/100
cycles/0.1 C

(Du et al., 2018)

NiO

Thermal
decomposition

Ni-foam as starting
material

Nanowalls

1020/704 mAh g–1/60
cycles at various rates
(0.2-10C)

(Wang et al., 2011)

NiS

Hydrothermal

Cladding carbon
(C-NiS)

Flake-shape

575.4 mAh g–1/30 cycles

(Wang et al., 2013)

NiS/G (1:1)

Hummers method
continued with
thermal reduction

Mass ratio NiS to
graphene

Nanosheet

887 mAh g–1/60
cycles/0.1 C

(Geng et al., 2014)

NiS/G (2:1)

Hummers method
continued with
thermal reduction

Mass ratio NiS to
graphene

Nanorod

458 mAh g–1/60
cycles/0.1 C

(Geng et al., 2014)

NiS

Solvothermal

Reactant
concentration

Nanorod

670 mAh g–1/100 cycles

(Long et al., 2016)

NiS

Hydrothermal

Reaction time
(24 h)

Nano-spike

550 mAh g–1/100
cycles/0.1 C

(Sonia et al., 2014)

Camphoric carbon
wrapped -NiS

Hydrothermal

Addition of
camphoric carbon

Nano-spike

550 mAh g–1/100
cycles/0.1 C

(Sebastian et al.,
2014)

NiS

Hydrothermal

CTAB assistant

Flower-like

6733 mAh g–1/10 cycles

(Ma et al., 2015)

cm–2/140

g–1

(Mi et al., 2013)
(Oh et al., 2016)

NiS

Solvothermal

Nickel complex
precursor

Urchin-like

597.3 mAh

NiC2O4・2H2O

Hydrothermal

Reaction
temperature

Nanorod

1109 mAh g–1

3.1 Nanosheets precursor to nickel-based cathode
materials
Nickel manganese cobalt (NMC)-based spherical precursors were assembled using a solvothermal method.
Ni(NO3)2・6H2O, Co(NO3)2・6H2O, and Mn(NO3)2 with a
mol ratio of 14:3:3 were dissolved in 50 mL of ethanol.
The operational conditions were RTP (Room temperature
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and pressure). A clear solution was placed in an autoclave
and heated to 160 °C for 12 hours. The precipitate was then
washed with absolute ethanol and dried at 80 °C for 8 hours
in air. The morphology analysis shows microsphere flowerlike particles with diameters of approximately 2–6 µm. All
the microsphere flower-like particles were comprised of
nanosheets (Fu et al., 2014). Fig. 4a gives an example of a
nanosheet primary particle.
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Fig. 3

Schematic illustration of the morphology effect on the Li-ion transport mechanism.

Fig. 4 (a) Nanosheet primary particle of NMC-based material, reprinted with permission from Ref. (Fu et al., 2014) Copyright (2014) ACS Publications, (b) Nanoflake primary particle of NMC-811 cathode material, reprinted with permission from Ref. (Mo et al., 2020) Copyright (2020) Elsevier
B.V., (c) Nanoplate primary particle of NCA cathode material, reprinted with permission from Ref. (Wang Q. et al., 2018) Copyright (2018) Electrochemical Science Group, (d) Nanorod primary particle of NMC cathode material, reprinted with permission from Ref. (Sun et al., 2019) Copyright (2019)
ACS Publications, (e) Needle-like particle of NCA-material, reprinted with permission from Ref. (Duan et al., 2018) Copyright (2018) Elsevier B.V.

3.2 Nanoflakes precursor to nickel-based cathode
materials
Ni-rich nano-flake particles, NMC-811 (LiNi0.8Mn0.1
Co0.1O2) hydroxide precursor, can be prepared using a
coprecipitation method. The raw materials for Ni, Mn,
and Co sources were diluted in a mixture of NaOH and
NH4OH. A calcination process was then performed under
O2 atmospheric conditions at 750 °C for 12 hours. The secondary particle morphology was spherical and assembled
from cross-flake particles. The precursor was mixed with
LiOH and TiO2 to make a cathode material before sintering

(Mo et al., 2020). Fig. 4b presents SEM images of a nanoflake particle. NMC-811 precursor synthesis is another way
to improve the performance of Li-ion batteries.

3.3 Nanoplate precursor to nickel-based cathode
materials
NCA (LiNi0.80Co0.15Al0.05O2) with a nanoplate morphology was obtained using sol-gel methods. The first research used raw materials: Ni(CH3COO)2・6H2O, Co(CH3
COO)2・4H2O, Al(NO3)3・8H2O, and LiCH3COO with a
molar ratio of 10.5:8:1.5:0.5. All the ingredients were
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dissolved in ethylene glycol with a concentration of 0.5 M
and stirred for 8 hours at 85 °C. After the powder was
formed and dried, it was ground to reduce the particle
size, calcined, and sintered to prepare the cathode material
(Wang Q. et al., 2018). Fig. 4c shows the nanoplate primary particles of the NCA cathode material. The second
study used a nitrate-based raw material for Li, Ni, Co, and
Al. C16H36O4Ti was used as the Ti doping source. All the
materials were dissolved in ethylene glycol and stirred for
8 hours at 85 °C (Li J. et al., 2020).
NMC-622 (LiNi0.6Mn0.2Co0.2O2) is another cathode material with a nanoplate morphology that was obtained from
ammonia-induced coprecipitation. The first step involved
mixing 12 M NH3・H2O/(Ni2+, Co2+, and Mn2+) at a molar
ratio of 6:1 for 30 minutes under inert conditions (using
N2). Subsequently, the metal salts were added to the first
solution and stirred for four hours. Stirring was continued
at 95 °C for six hours to evaporate NH3 and allow precipitation. The slurry was filtered, washed, and dried in an
oven. Li2CO3, as the Li source, was added to a 7 % excess,
calcined, and sintered to produce the Li-NCA cathode
material (Liu et al., 2016). The NMC cathode material
(LiNi0.70Mn0.15Co0.15O2) with increasing Li+ ion diffusion
showed good cycling ability. The manufacturing of this
material was through a coprecipitation method followed by
a hydrothermal method. The Ni, Mn, and Co metal sources
were acetate salts combined at a Ni:Mn:Co molar ratio of
0.7:0.15:0.15. All the materials dissolved, and NaOH was
added as a precipitating agent under inert conditions (Ar).
The pH of the solution was maintained at 11. The solution
was then moved to another reactor and filled to 80 % of the
maximum volume. PVP (polyvinylpyrrolidone) was then
added for the hydrothermal process, which was performed
at 150 °C for four hours. Subsequently, the temperature
was decreased naturally to ambient temperature. The
slurry was then filtered, washed, and dried [Ni0.70Mn0.15
Co0.15O2(OH)2]. The last steps were the calcination and
sintering processes (Tian et al., 2016).

3.4 Nanorods precursor to nickel-based cathode
materials
The NMC-622 hydroxide precursor (Ni0.6Mn0.2
Co0.2(OH)2) as cathode material of Li-ion batteries was
comprised of nanorod particles (Fig. 4d). This precursor
was synthesized using a controlled coprecipitation method
in a continuous stirred tank reactor on a large scale with
a volume of 200 L. The Ni, Co, and Mn sources were
sulfate salts dissolved in deionized water. NaOH and
NH3·H2O were added separately into the continuous
stirred tank reactor. The ammonium concentration was
controlled to 4–5 g/L, and the pH was 11.5–12. The solid/
precipitant formed was separated and dried in an oven
and producing Ni0.6Mn0.2Co0.2(OH)2. The precursor had
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a micro-spherical morphology with a surface covered
with nanorod-like particles (Yang et al., 2019). A full
concentration gradient (FCG) of the nanorod primary
particle as a cathode material (LiNi0.54Mn0.30Co0.16O2)
was made from the [(Ni0.54Mn0.30Co0.16)(OH)2] precursor
material. The raw materials for Ni, Co, and Mn were
NiSO4·6H2O, CoSO4·7H2O, and MnSO4·H2O, respectively. A coprecipitation method was used to manufacture
the precursor. The base material with a molar ratio of
Ni:Mn:Co = 0.5:0.3:0.2 was added slowly to a Ni-rich
solution containing Ni:Mn = 0.7:0.3. The homogenous
solution was moved into the tanks with a stirrer, and N2 was
introduced to achieve inert conditions. NaOH solution and
NH4OH solution were added slowly to the tank as a chelating agent. The precursor was filtered and dried at 100 °C
until all moisture had been removed. (Noh et al., 2014).

3.5 Needle-like precursor to nickel-based cathode
materials
Needle-like particles were identified on the morphological test results of the NCA and NMC precursor for
Li-ion batteries. Ni0.815Co0.15Al0.035(OH)2 was mixed with
an NH4H2PO4 solution to form a homogenous slurry and
dried naturally. After the mixture had dried completely,
Li2CO3 was added to the mixture. The mixture was
sintered at 750 °C for 16 hours (O2 condition) to form
LiNi0.815Co0.15Al0.035O2. The resulting product was comprised of needle-like particles covered with NH4H2PO4
(Tang et al., 2017). The Al-gradient composition to Ni
and Co metal sources was also promising as material
doping for the Ni0.815Co0.15Al0.035(OH)2 precursor. First, a
Ni0.815Co0.15Al0.035(OH)2 precursor was synthesized by a
coprecipitation method with NH3·H2O as a chelating agent.
Al(NO3)3·9H2O was dissolved in distilled water to form a
homogenous solution, followed by the addition of a 32 %
NaOH solution until a clear solution had formed. Distilled
water was then added to the mixture to control the concentration of [Al(OH)x]3-x. The pH of the solution was 12–13
(Duan et al., 2016).
An Al-doped Ni-Co-hydroxide precursor [Ni0.90
Co0.07Al0.03(OH)2] exhibited uniform needle-like NCA
particles (Fig. 4e). The Ni and Co sulfate salts sources
were used to synthesize the Ni0.928Co0.072(OH)2 precursor.
The Al-source was obtained from the Al-based material
dissolved in a 32 % NaOH solution to form Al(NO3)3. The
Ni0.928Co0.072(OH)2 precursor was then added to Al(NO3)3.
The mixture was stirred at 500 rpm and 60 °C with CO2.
The mixture was washed with deionized water and dried in
a vacuum oven. Dried Ni0.90Co0.07Al0.03(OH)2 was mixed
with LiOH·H2O and sintered in oxygen to form LiNi0.90
Co0.07Al0.03O2 (Duan et al., 2018). The NCA material was
modified by replacing Al with W to increase the cycling
stability. The first step involved synthesizing [Ni0.9Co0.1]
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Table 2

Nickel-rich cathode precursors and their morphology.

Precursors

Metal Sources/Modification

Methods

Temperature (°C)/
Time/Condition

Morphological
feature

Reference

NMC-OH

Nitrates

Solvothermal

160

Nanosheet

(Fu et al., 2014)

NMC-811-OH

Sulfates

Precipitation

Nano-flake

(Mo et al., 2020)

NCA

Ni-Co-Li-acetate
Al-nitrate

Sol-gel

85/8 h stirring

Nanoplate

(Li J. et al., 2020)

NMC-622

Ni-Co-nitrate
Mn-Mn(Ac)2

Ammonia-induced
and coprecipitation

96/6 h ammonia
evaporation

Nanoplate

(Liu et al., 2016)

NMC-7 1.5 1.5

Acetate

Hydrothermal

150/4 h process

Nanoplate

(Tian et al., 2016)

NMC-622

Sulfate

Coprecipitation

—

Nanorod

(Yang et al., 2019)

NMC-FCG

Sulfate/NMC-532 solution
added into NM-73 solution

Coprecipitation

Nanorod

(Noh et al., 2014)

NCA-OH

Commercial precursorNH4H2PO4 combined

—

Needle-like

(Tang et al., 2017)

Al-dopedNCA

Sulfate/Al doping

Coprecipitation

Needle-like

(Duan et al., 2016)

NCA

Ni-Co-OH with addition of
Al-nitrate

60/500 rpm/CO2
condition

Needle-like

(Duan et al., 2018)

NCW

Ni-Co-sulfate/replacement of
Al with W

Precipitation

Inert (N2)
condition

Needle-like

(Ryu et al., 2019)

NMC-811

Commercial precursor + PVP

Pre-oxidized
process

40

Needle-like

(Zhang et al., 2018)

NMC-811

Sulfate

Solid state
with controlled
crystallization

50

Needle-like

(Yang G. et al.,
2020)

Al-dopedNMC-811

Commercial precursor/Al
doping from nitrate source

80/sol phase

Needle-like

(Du et al., 2021)

(OH)2 using a precipitation method from the sulfate salts.
WO3 was then dissolved in distilled water and added
slowly to the Ni-Co precursor. Subsequently, the mixture
was washed, filtered, and dried. The process took place
under inert conditions (N2). LiOH was then added, and the
mixture was sintered to form LiNi0.90Co0.09W0.01O2. An
analysis of the surface morphology revealed needle-like
particles (Ryu et al., 2019). NMC-811 needle-like primary
particles could be realized using a pre-oxidized process
(Zhang et al., 2018), solid-state method with controlled
crystallization and high-temperature operation (Yang G.
et al., 2020), and Al-doping to cover the surface of the
NMC-811-hydroxide precursor (Ni0.8Mn0.1Co0.1(OH)2)
(Du et al., 2021). The pre-oxidized method was performed
by mixing 0.005 g of polyvinylpyrrolidone (PVP) with
the NMC-81-hydroxide precursor and dissolved in distilled water. This was followed by the addition of 3 wt.%
Mn(NO3)2 to the mixture. The resulting mixture was heated
to 40 °C until the water had vaporized. LiOH·H2O was
then added to the dried powder and sintered to produce
LiNi0.54Mn0.30Co0.16O2 doped with 3 % Mn(NO3)2 (Zhang
et al., 2018). The second method was controlled crystallization followed by a solid-state method. Ni, Mn, and Co

sulfate salts were dissolved in distilled water and stirred
in a N2 atmosphere. Subsequently, a 2M NaOH solution
was added as a precipitation agent. The temperature was
maintained at 50 °C and a pH of 11.2 (Yang G. et al., 2020).
Al doping was then performed. A dilute Al(NO3)3・9H2O
in citric acid solution with a molar ratio 1:1 was produced.
The mixture was stirred and heated until 80 °C to form a
sol phase. The NMC-811-hydroxide precursor was then
added and stirred. The resulting solution was heated until
all the solvent had evaporated. The dried precursor was
mixed with LiOH·H2O and sintered to form LiNi0.80Mn0.10
Co0.10O2 (Du et al., 2021). Table 2 summarizes reported
morphologies of nickel-rich cathode precursors which
obtained through various synthesis techniques.

4. Nickel-rich cathode materials
4.1 Primary particles morphology of nickel-based
cathode material
A nanosheet morphology is found widely in electrode
materials, particularly Ni-rich material for Li-ion batteries.
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NMC-811 (LiNi0.8Mn0.1Co0.1O2), as a Ni-rich cathode material, showed spherical morphology and provided a high
rate and excellent cycling characteristics. In some cases,
however, the primary morphology represents another
type of morphology. Xu et al. generated NMC-811 with a
nanosheet primary morphology and a spherical secondary
morphology. The modified coprecipitation method was
combined with a solid-state method to make radially
aligned single-crystal primary particles (RASC-NMC).
This material used NMC-OH as a precursor. The crystal was
approximately 50 nm in diameter with an average length
of 300–1000 nm. The specific capacity based on chargedischarge analysis was 195.3 mAh g–1 at the 1st cycle. The
cycling stability revealed up to 95.5 % (172.7 mAh g–1) of
the initial capacity (195.3 mAh g–1) after 300 cycles (Xu
et al., 2019). The nanosheet morphology of NMC-811 can
also be controlled by setting the ammonia concentration
during the coprecipitation method. Controlling the ammonia concentration helped improve the area of exposed
{010} planes of NMC-811 (LiNi0.8Mn0.1Co0.1O2) material.
The electrochemical test showed an excellent capacity of
201.6 mAh g–1 at the first cycle at a current rate of 0.2 C
with capacity retention of up to 90 % after the 100th cycle
(Su et al., 2018). Other NMC cathode materials were also
manufactured using different precursor materials and
methods. LiNi0.7Mn0.15Co0.15O2 was synthesized from a NiMn-Co spherical precursor using a solvothermal method.
This Ni-rich NMC cathode material exhibited a secondary
flower-like morphology assembled from nanosheets. The
electrochemical performance showed a specific capacity
of 184.7 mAh g–1. The cycling data were taken between
1–100 cycles (Fu et al., 2014). The hydrothermal method
can modify the morphology of the NMC material. The
primary morphology was nanosheet particles, which were
arranged into single spherical particles as second particles.
The specific capacity was 189.5 mAh g–1. After the 100th
cycle, the specific capacity decreased until 135.5 mAh g–1.
The capacity retention decreased to 73.0 % (Liu et al.,
2019).
Ni-rich, NMC-811 cathode nano-flake particles can be
prepared by modifying the NMC-OH precursors with the
addition of TiO2 and LiOH before sintering. TiO2 doping
helps improve the electrochemical performance and reduce
the internal strain and the durability of the NMC-811
structure as a cathode material. The initial specific capacity
was 258 mAh g–1. The capacity decreased to 79 % when
charged under a 1 C current rate for 150 cycles (Mo et al.,
2020). Nanoplate NCA (LiNi0.80Co0.15Al0.05O2) showed
excellent capacity. The best sintering conditions of the
NCA-precursor were 750 °C for 12 hours. The highest
initial discharge capacity was 210.4 mAh/g at a current
rate of 0.1 C. The columbic efficiency was 88.1 %. The cell
was tested only until 40 cycles, but 90 % capacity retention
was achieved (Wang Q. et al., 2018). Ti doping of the
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LiNi0.80Co0.15Al0.05O2 cathode material improved the cycling stability considerably. The modified NCA with Sn doping was arranged chemically as LiNi0.80Co0.09Ti0.06Al0.05O2.
Good performance was achieved with a capacity retention
of 90.6 % after 500 cycles (Li J. et al., 2020).
NMC-622 (LiNi0.6Mn0.2Co0.2O2) with a nanoplate morphology showed excellent high-rate capability. The initial discharge capacity with a current rate of 0.2 C was
173 mAh/g. In further current rate tests at 20 °C, the
capacity retention was 67 % with a value of 77 mAh/g. The
cycling stability was tested until 100 cycles and reached
91 % (Liu et al., 2016). NMC-622 nano-rod morphology
showing good electrochemical performance with ~81 %
capacity retention after 300 cycles (Yang et al., 2019).
Combination of two kinds of NMC cathode material that
have different molar composition of Ni, Mn, and Co showing good cycle with 70.3 % of capacity retention after 1000
cycles. This material is made by combining LiNi0.70Mn0.25
Co0.05O2 and LiNi0.58Mn0.25Co0.17O2. The final composition
is LiNi0.60Mn0.25Co0.15O2. Morphology analysis shows
spherical particle and the primary particle is rod-shape
particle (Noh et al., 2013).
NH4H2PO4-doped NCA (LiNi0.815Co0.15Al0.035O2) with a
needle-like morphology electrochemical performance was
tested. The initial discharge capacity of NCA with a 1 %
mass was 195.3 mAh/g. This capacity was greater than that
of the pure NCA material with an initial discharge capacity
of 172.3 mAh/g. The capacity retention was 70.2 % from
the initial discharge specific capacity after 100 cycles (Tang
et al., 2017). Another study of LiNi0.815Co0.15Al0.035O2
doped with an Al-gradient doped solution showing excellent electrochemical performance. The initial discharge
capacity was 187.5 mAh/g, and 93.4 % capacity retention
was achieved after 200 cycles (Duan et al., 2016). Al doping
was also performed to manufacture LiNi0.90Co0.07Al0.03O2.
The initial discharge capacity was 224.6 mAh/g and after
100 cycles, 93.4 % capacity retention was observed (Duan
et al., 2018). Tungsten (W) was the alternative metal source
to replace Al. The presence of W greatly increased the
cycling stability. LiNi0.90Co0.09W0.01O2 (NCW) exhibited
needle-like primary particles. The initial discharge capacity was 231.2 mAh/g-1, which is greater than the NCA
cathode material (223.5 mAh/g). The cycling stability test
showed that the capacity of the NCW material was 92 %
of the initial capacity. This result is more significant than
the NCA material, with only 63 % of capacity retention
(Ryu et al. (2019).). The effect of primary particles shapes
towards their electrochemical performance are summarized
in Table 3.

4.2 Secondary particles morphology of nickelbased cathode materials
The secondary particles of a Ni-rich cathode material
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Table 3

The effect of nickel-rich cathode primary particles toward its electrochemical properties.

Material

Precursor/Modification

Morphological
feature

Electrochemical Properties
(Capacity/Cycle/Rate)

Reference

NMC-811

NMC-811-OH/Modified
coprecipitation and solid-state

Nanosheet

195 mAh g–1/300 cycles/0.1 C

(Xu et al., 2019)

NMC-811

NMC-OH/Modification of
Nanosheet
ammonia concentration controlled

201 mAh g–1/100 cycles/0.2 C

(Su et al., 2018)

NMC-7 1.5 1.5

NMC precursor with
solvothermal method

Nanosheet

184.7 mAh g–1/100 cycles/0.1 C

(Fu et al., 2014)

NMC-8.5 0.75 0.75

NMC precursor with
hydrothermal method

Nanosheet

189.5 mAh g–1/300 cycles/0.2 C

(Liu et al., 2019)

NMC-811

NMC-OH/TiO2 doping

Nano-flake

258 mAh g–1/150 cycles/1 C

(Mo et al., 2020)

NCA

NCA-OH

Nano-flake

210.4 mAh g–1/40 cycles/0.1 C

(Wang Q. et al.,
2018)

NMC-622

NMC-OH

Nanoplate

173 mAh g–1/100 cycles/0.2 C

(Liu et al., 2016)

NMC-622

NMC-OH

Nanorod

g–1/300

cycles

(Yang et al., 2019)

g–1/1000

193.6 mAh

NMC-6 2.5 1.5

Combination of NMC-7 2.5 0.5OH and NMC-5.8 2.5 1.7-OH

Rod-shape

206 mAh

cycles

(Noh et al., 2013)

NMC-5.4 3 1.6

Modification of Ni/Mn/Co
concentration gradient (FCG)

Nanorod

183.7 mAh g–1/100 cycles

(Noh et al., 2014)

NCA-8.15 1.5 0.35

NCA-OH/NH4H2PO4 doping

Needle-like

195.3 mAh g–1/200 cycles/0.1 C

(Tang et al., 2017)

Needle-like

187.5 mAh

g–1/200

cycles

(Duan et al., 2016)

224.6 mAh

g–1/100

cycles

(Duan et al., 2018)

g–1/200

cycles/0.1 C

NCA-8.15 1.5 0.35
NCA-9 0.7 0.3

NCA-OH/Al-gradient-doped
NCA-OH/Al-doped

Needle-like

(Ryu et al., 2019)

NCW-9 0.9 0.1

NCW-OH/Replacing Al with W

Needle-like

231.2 mAh

NCA

Pre-oxidized method

Needle-like

175 mAh g–1/100 cycles

(Zhang et al., 2018)

NCA

Solid state with controlled
crystallization

Needle-like

187.7 mAh g–1/100 cycles

(Yang G. et al.,
2020)

NCA

Al-doping

Needle-like

171.4 mAh g–1/1000 cycles/1 C

(Du et al., 2021)

consist of agglomerated primary particles that form a larger
and denser particle. Secondary particle formation reduces
the high surface area of primary particles if they are present
in singular particles (Barai et al., 2019). The reduction was
proven efficient in hindering unwanted reactions between
the active materials with the electrolyte (Qiu et al., 2017b;
Yudha et al., 2019). The morphology of the nickel-rich
cathode materials strongly depends on the synthesis process and the presence of additives that help control the
secondary particle shape.

4.2.1 Microsphere / spherical Particles
Coprecipitation of transitional metal with high-nickel
content is the most used technique to obtain micron-sized
spherical particles of the nickel-rich cathode. The spherical
morphology of a particle was formed from the agglomeration of crystal nuclei into larger particles. The formation
of large or secondary spherical particles is in accordance
with the Ostwald ripening mechanism, where the rate
of crystal formation is in balance with the rate of crystal
dissolution (Seo and Lee, 2017). Extensive studies focused
on the effects of the synthesis parameters on the mor-

phology, such as pH, concentration, mixing speed, stirrer
type, reaction time, and precipitating agents (Zhu Q. et al.,
2019). Hydroxide coprecipitation uses dissolved hydroxide
compounds, such as sodium hydroxide, lithium hydroxide,
or potassium hydroxides, as the precipitating agent. An
ammonia solution is often introduced during the process
to reduce the reaction rate avoid uneven particle growth.
For hydroxide coprecipitation, the optimal pH to form
high-density spherical secondary particles is 10–11 (Chen
et al., 2018; Purwanto et al., 2018). The temperature during
the coprecipitation process also is a factor determining the
final morphology. In most cases, hydroxide and carbonate
coprecipitation of nickel-rich cathode materials produced
dense micron-sized secondary particles, while oxalate
precipitation showed rock-like particles. Various chelating
agents were reported to replace ammonia during hydroxide and carbonate coprecipitation. Acid or base chelating
agents, such as EDTA, citric acid, sulfosalicylic acid, lactic
acid, or their conjugates, such as EDTA-2Na, and sodium
lactate, have been used as greener alternatives to ammonia.
The excessive use of ammonia can cause environmental
issues and health risks for humans and animals (Nam et
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al., 2015).
Quanzhong Zhu et al. (Zhu Q. et al., 2019) proposed
a formation mechanism for spherical or microspheres
secondary particle of Ni-rich cathode material in coprecipitation techniques. This began with crystal nuclei formation
during the initial precipitation of single-crystal primary
particles. With time, these single-crystal particles agglomerate into polycrystalline grains. These polycrystalline
grains form initial secondary particles with rough surfaces
from the aggregated particles. Because the formation of
single-crystal nuclei occurs continuously, these primary
particles are adsorbed onto the surface of the initial secondary particles. The process of single-crystal adsorption to the
initial secondary particle continues with time. The primary
particles become smooth, and the secondary particles grow
with dense properties due to a decrease in particle porosity.
In the nickel-rich cathode, the residence time to obtain
smooth micro-spherical particles increases with increasing
nickel content. The resulting microsphere particles also
need to be treated delicately during the lithiation process
because microsphere particles can be broken easily due to
mechanical forces, such as the milling process.
In addition to coprecipitation, it was reported that the
sol-gel, spray drying technique, and spray pyrolysis techniques can be adapted to produce micro-spherical particles.
For spray methods, spherical particles were formed by the
formation of spherical droplets using a droplet maker, such
as nebulizer and spray nozzles (Kadota and Shirakawa,
2021). The resulting droplets can be tuned easily. Thus,
a more homogenous and consistent particle morphology
can be obtained. With the addition of additives to the
spray solution, the produced particles can have a smooth
morphology. Table 4 lists the effects of chelating agents
for nickel-rich cathode materials on their morphology and
electrochemical performance.
Based on Table 4 spherical shaped nickel-rich cathode materials have good electrochemical performances.
However, the perfectly shaped spherical particle with
high density and relatively large particle size has higher
specific capacity, higher cycle retention and improved rateability. A High density and large secondary particle size
of nickel-rich cathode material has better stability toward
undesired chemical reaction between electrolyte, which
sometimes has HF content, with the surface of the cathode
particle that is related to its surface area. High density
spherical particles with narrow particle size distribution
also improve the overall density of the particle due to better packing factor. Thus, this type of particle has multiple
benefits compared to the other shape particles.
According to multiple researches, spherical particle with
narrow distribution can be obtained via coprecipitation
method which tightly controlled its process parameters.
Spherical particle with high tap density often achieved by
a strict control of pH level, which depends on the compo-
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sition of the metals, temperature of coprecipitation, flow
rates, retention time and more importantly ageing process.
Extensively large secondary particles can cause poor Li-ion
transfer during the charge and discharge process. Thus,
product optimization via control of particle size distribution is highly required knowledge for the development of
nickel-rich cathode materials.

4.2.2 Non-spherical/agglomerated particles
Several studies have reported the formation of spherical
Ni-rich cathode materials, as listed in Table 4. In microsphere particles, however, micro-cracks in secondary
particles are often occurring. These micro-cracks increase
exposure to the internal areas of the particles, which promote unwanted reactions causing rapid capacity fading
(Kleiner et al., 2015; Yoon et al., 2017). Furthermore, they
also increase the bulk density of the overall particles. Some
studies stated that non-spherical particles are preferred
to avoid the formation of particle grain cracks. However,
non-spherical particles with a low density are not preferred
because they will also suffer from particle breakage during
the electrochemical charge-discharge process.
The formation of non-spherical/agglomerated nickelrich cathode material particles is often found in the
literature (Purwanto et al., 2020). Qiu et al. reported that
polyhedral-shaped particles could be produced by oxalic
acid crystallization of NCA cathode material produce
(Qiu et al., 2017a; 2017b). Using the same crystallization/
precipitating agent, Wu (Wu et al., 2015) claimed that
micro-rod particles of NCA have better compaction factors
than spherical particles, which can avoid micro-cracks
even when it was cycled at high temperature. Zheng et
al. precipitated Ni, Co, and Mn using ammonium oxalate,
producing a rod-shaped precursor. After high sintering
lithiation, however, the morphology of the precursor
changed from rod to rock-like particles (Zeng and Zhang,
2020) A urea-assisted hydrothermal technique was developed to produce silkworm-like NMC811 particles, but
slight particle cracking was observed (Fig. 5a,b,c) after the
material was cycled 100 times (Lei et al., 2019b; Zhang et
al., 2017). Therefore, micro-cracking and particle breakage
would likely occur when repeatedly used especially at high
rate and high operating temperature.

4.3 Single crystal
Micron-sized single crystals of Ni-rich cathode have
been successfully developed. Single crystal has a large energy density owing to its pore-free and high strength (Duan
et al., 2017; Li et al., 2018). This particle was pioneered
because polycrystalline materials are prone to intergranular
fracture during battery cell operation (Qian et al., 2020).
Although the polycrystalline particles are randomly
oriented, this intergranular fracture is caused by primary

LNO
(LiNiO2)

NFA
(LiNi0.8Fe0.15Al0.05O2)
LNMO
(LiNi0.9Mn0.1O2)

NMC-7 1.5 1.5
(LiNi0.7Mn0.15Co0.15O2)
NMC-712
(LiNi0.7Mn0.1Co0.2O2)
NMC-811

NMC-622

Ammonia
Ammonia
Citric acid
Ammonia
Ammonia + NH4F

Spray pyrolysis
Coprecipitation
Coprecipitation
Sol-gel

Coprecipitation

Coprecipitation

Dense spherical particles, ~10 µm

Spherical particles, 5–13 µm
Dense spherical particles, 6–21 µm
near-spherical particles, 200–500 nm
Quasi-spherical with 300–800 nm
primary particle
Dense spherical particles, 14–16 µm

Spherical particles, 800 nm

Ammonia
Ammonia
Ammonia
Ammonia

Coprecipitation

Coprecipitation

Coprecipitation
Coprecipitation

Spray pyrolysis

Ethylene glycol

Spherical particle, ~3 µm
Spherical particle

Spherical particle, ~10 µm

Submicron particles from spherical
particle breakage
Spherical particle, ~8–10 µm

Spherical particles, 1 µm
Spherical particles, 6–8 µm

Citric acid

Sol-gel

Quasi-spherical particles, < 8 µm
Quasi-spherical particles, < 1.2 µm

Flame spray pyrolysis
Hydro/Solvothermal

Ammonia
Ammonia

Coprecipitation
Coprecipitation

Quasi-spherical particles, ~4 µm

Dense spherical particles, ~12 µm

Sodium lactate

Coprecipitation

Coprecipitation-Spray Dry Ammonia

Ammonia

Coprecipitation

Spherical and hollow particles,
10–50 µm
Dense spherical particles, 10–20 µm

Citric acid

Spherical particles, ~1 µm

Spray drying

Spray pyrolysis

Dense spherical particles, ~10 µm
Dense spherical particles, ~10 µm

Quasi-spherical
Spherical, 10–20 µm

Citric acid-Ethylene
glycol-DCCA

Coprecipitation
Coprecipitation

Dense spherical particles, ~4–8 µm

Urea
Glycerol

EDTA
Ammonia

Coprecipitation

Dense spherical particle, 4–6 µm

Flame spray pyrolysis
Spray drying

5-Sulfosalicylic acid

Coprecipitation

Dense spherical particles, 5–12 µm

Spherical/yolk shell particles, 1.1–1.6 µm

Ammonia

Coprecipitation

NCA

Morphological feature

Spray pyrolysis

Chelating agents/
Additives
Ammonia

Methods

Summary of Ni-rich cathode synthesis techniques toward its properties.

Cathode materials

Table 4

172 mAh/g/94 % after 100 cycles at
1 C/143 mAh/g at 10 C
201 mAh/g/78 % after 100 cycles at
0.1 C/~120 mAh/g at 5 C
155 mAh/g/96 % after 30 cycles at 0.5 C/186 mAh/g/95 % after 10 cycles at
0.5 C/~50 mAh/g at 5 C
174 mAh/g/87 % after 100 cycles at
1 C/~70 mAh/g at 10 C
—
185 mAh/g/95 % after 50 cycles at 0.2 C/164 mAh/g/-/205 mAh/g/86.24 % after 100
cycles/137 mAh/g at 5 C
202 mAh/g/96 % after 200 cycles at
1 C/~54 mAh/g at 10 C
202 mAh/g/94 % after 100 cycles at
2 C/~141 mAh/g at 10 C
~175 mAh/g/86 % after 100 cycles at
1 C/~130 mAh/g at 10 C
178 mAh/g/85 % after 25 cycles at 1 C/201 mAh/g/81 % after 100 cycles at
0.1 C/142 mAh/g at 10 C
197 mAh/g/93 % after 80 cycles at
1 C/173 mAh/g at 5 C
190 mAh/g/88 % after 100 cycles at
0.33 C/110 mAh/g at 1 C
~220 mAh/g/86 % after 100 cycles at
0.5 C/~145 mAh/g at 10 C
197 mAh/g/94 % after 100 cycles at 0.2 C/216 mAh/g/80 % after 200 cycles at
1 C/121 mAh/g at 5 C

225 mAh/g/89 % after 49 cycles at
0.2 C/129 mAh/g at 1 C
124 mAh/g/81 % after 200 cycle at 0.5 C/200 mAh/g/91 % after 200 cycles at
1 C/130 mAh/g at 5 C
188 mAh/g/94 % after 100 cycles at 0.5 C/-

Electrochemical Performance (Capacity/Cycle/
Rate)
196 mAh/g/95 % after 50 cycles/150 mAh/g
at 2 C
206 mAh/g/80 % after 50 cycles at
55 °C/~130 mAh/g at 5 C 55 °C
203 mAh/g/90 % after 200 cycles at
1 C/174 mAh/g at 1 C
193 mAh/g/90 % after 100 cycles at 1 C/183 mAh/g/91 % after 100 cycles at
1 C/140 mAh/g at 5 C
218 mAh/g/100 % after 20 cycles at 0.1 C/-

(Ma et al., 2020)
(Mu et al., 2020)

(Sun et al., 2013)

(Muralidharan et al., 2020)

(Li Yan et al., 2018)

(Abram et al., 2019)
(Gu et al., 2021)

(Huang et al., 2019)

(Yue et al., 2013)

(Duan et al., 2020)

(Tian et al., 2018)
(Lu et al., 2014)
(Zhang et al., 2012)
(Dong et al., 2019)

(Lee et al., 2016)

(Fu et al., 2011)
(Ronduda et al., 2020)

(Xu et al., 2018)

(Liang et al., 2014)

(Park and Chan Kang, 2014)

(Nurcahyani et al., 2020)
(Zhang J. et al., 2020)

(Yang et al., 2014)

(Ju et al., 2010)

(Xie et al., 2016)
(Seo and Lee, 2017)

(Xie et al., 2015)

(Kim et al., 2014)

(Hu et al., 2012)

Reference
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particles pushing against each other, causing significant
pressure (Langdon and Manthiram, 2021). The methods
were used for the synthesis of precursors and cathode
materials including co-precipitation, molten salt and spray
pyrolysis (Table 5). Xing Xu et al. succeeded in producing
radially aligned single-crystal hydroxide precursors of
NMC 811. The two aspects examined were optimizing the
ammonia concentration as a precipitating agent and the
stirring speed. A high ammonia concentration (8 mol/L in
this study) can adjust and promote the direction of growth
of the primary particles. A high stirring speed can result
in strong and homogeneous mechanical agitation, which
prevents the nucleation and re-agglomeration of small
secondary particles (Xu et al., 2019). Xinming Fan et al.
examined the morphology of the precursor and NMC
831106 material after sintering, as shown in Fig. 6.

The NMC precursors showed a good secondary flower
morphology. After sintering, the particles became micronsized particles with a smooth surface (Fan et al., 2020).
Another study, the synthesis of single-crystal Ni-rich with
NaCl flux was carried out. NaCl functions as a growth
flux for primary particles, reducing the temperature and
sintering time (Bi et al., 2020; Lee et al., 2020). Jie Zhu et
al. used spray pyrolysis method to produce a single crystal
NMC 811. The precursor was synthesized from a chloride
salt solution that was then aerosolized using an ultrasonic
nebulizer and passed through a furnace tube at 800 °C. The
microsphere, fine size, and mesoporous precursors were
obtained from this method (Zhu et al., 2020).
Fig. 7 shows the effect of morphology of nickel-rich cath
ode towards its likability to pulverized during prolonged
charge-discharge process. In contrast to nickel-based

Fig. 5 (a,b) Silkworm like NMC811 particles before cycles and (c) after 100 cycles, reprinted with permission from Ref. (Lei et al., 2019b) Copyright
(2019) Elsevier B.V.
Table 5

Single crystal nickel-rich cathode materials.

Sample

Synthesis
method

Precursor

T (°C)

Particle
size (µm)

Specific capacity

Ref.

NMC-761410

Coprecipitation
and molten salt

Hydroxide precursor

900

3

182.3 mAh/g at 0.1 C

(Bi et al., 2020)

NMC-811

Coprecipitation

Hydroxide precursor

740

—

197.9 mAh/g at 0.1 C

(Xu et al., 2019)

NMC-811

Spray pyrolysis

Oxide precursor

900

1–5

211 mAh/g at 0.1 C

(Zhu et al., 2020)

NMC-811

Coprecipitation
or molten salt

850

1

—

(Zhu and Chen, 2019)

NMC-811

Coprecipitation

Hydroxide precursor

830

1–4

—

(Yang C. et al., 2020)

NMC-811

Commercial

Hydroxide precursor

800–960

1–1.5

194 mAh/g at 0.1 C

(Zhao et al., 2019)

NMC-910603 Coprecipitation

Hydroxide precursor

820

1–2.5

203.8 mAh/g at 0.1 C

(Lee et al., 2020)

NCA-880903

Coprecipitation

Hydroxide precursor

840

4–5

240 mAh/g at 0.1 C

(Zhang H. et al., 2020)

LNO

Commercial

Hydroxide precursor

800

—

—

(Weber et al., 2020)

Fig. 6 Morphology and elemental distribution in single crystal NMC. SEM images of (a) precursor and (b,c) sintered single crystal NMC, reprinted
with permission from Ref. (Fan et al., 2020) Copyright (2020) Elsevier B.V.
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Fig. 7

Schematic illustration of secondary particle cracking phenomena in various nickel-rich cathode material.

anode, over exposure of electrolyte with the surface of
nickel-rich cathode materials can promote the formation
of inactive phases due to the reaction of nickel with electrolyte. On the exposed surface created due to particle
pulverization, a new SEI layer also occur which increase
the impedance and Li-ion mobility resistance, thus lower
the electrochemical properties. In Fig. 7, microcracks often
occurs in a particle with visible agglomeration of primary
particles.

5. Current advances and future projection
Applications of lithium-ion batteries that require high
specific energy coupled with lower prices have encouraged
the development of nickel-based electrodes. The successful
of NCA and NMC materials, especially for electric vehicles,
has made researchers constantly develop these materials.
But, cobalt, which was originally doped for the material,
is reconsidered because of its relatively high price. Thus,
cobalt-free and nickel-rich materials were raised to be
popular in the future. Various attempts were made to obtain
superior material, especially for the morphology of the material. Currently, several efforts were determined to directly
control the morphology of nickel containing particles using
scalable, continuous and rapid method such as via fast
drying, flash spray pyrolysis, vapor phase deposition, laser
techniques, plasma assisted techniques, and fast crystalli-

zation. Thus, it opens a new opportunity to directly tune the
morphology of nickel-based material that concern towards
the overall feasibility and economical aspect (Purwanto et
al., 2018; L. Wang et al., 2018).
It has been mentioned in the previous section that the
morphology of the cathode material directly affects the
electrochemical performance. Thus, efforts to get the
most favorable morphology need to be done by modifying
the synthesis parameters. First, doping modifications are
carried out in order to make the morphology more regular
(Ryu et al., 2019). Some dopant can affect the primary
particle thereby increasing the stability of the cycle, previously assigned to cobalt. Second, the morphology for both
cobalt-free and Ni-rich materials is single crystal. Materials
with high nickel content have a limited life cycle due to
their greater surface-electrolyte reactivity and lower structural integrity. Single-crystal proved to be able to limit the
surface reactivity and cracking of these particles (Langdon
and Manthiram, 2021). However, single crystal materials
still face challenges in terms of irreversible structural degradation and longer ionic transport pathways. Small cracks
in single crystal can also block Li+ transport (Wang et al.,
2021). These challenges may be interesting to research for
the future.
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6. Conclusion
Thorough morphological analysis of nickel-based electrodes for Li-ion batteries was performed. Materials, such
as nickel oxide, nickel hydroxide, nickel oxalates, and
nickel sulfide, can be applied to Li-ion batteries. However,
unique morphological features, such as shapes and nano
scale sizes of such materials, are strongly required. The
nano-scaled unique morphology of the nickel-based anode
can suppress the large lithium irreversibility and increase
its electrical and electrochemical features.
Numerous studies on the morphological tuning of nickelrich cathode materials have been reported. Among other
morphologies, micron-sized spherical particles are largely
applied and used, even commercialized in Li-ion batteries.
However, spherical particles suffer from micro-cracking,
which can cause rapid capacity decay and cell chemistry
failures. Non-spherical secondary polycrystalline particles
have also been studied; however, the particles still have
micro-cracking problems. A crack-free single-crystalline
morphology is currently the focus of research, and techniques to obtain such particles in a nickel-rich cathode are
still under development due to several problems:
(1) High-temperature sintering, which favors the formation of the rock salt phase and large Li-loss;
(2) Flux induced synthesis, which reduces the contact
between the oxidative atmosphere and is crucial for
stable nickel-rich cathodes formation;
(3) Post-production handling, such as milling and storage,
is necessary in low humidity areas for a high-nickel
content cathode.
In a morphological perspective, extensive morphological tuning for the race toward stable, long life cycle,
nickel-based electrodes are being performed continuously
and will always be considered for the next generation of
secondary energy storage. The morphology of nickel-based
active materials is one of the major determining factors for
high-performance Li-ion batteries.
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Contribution of Particle Design Research to the Development of
Patient-Centric Dosage Forms †
Hirofumi Takeuchi
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Abstract
A variety of dosage forms have been developed in order to achieve effective and safe drug delivery in topical or
systemic drug administrations. In this review, formulation research and process issues related to a popular oral
dosage form, the tablet, are introduced. Research on oral dosage forms, including orally disintegrating tablets
(ODTs) and films (ODFs), which have recently been developed with an aim toward more patient-centric drug
therapy, is also introduced. Another trend in recent drug therapy is an increase in the number of large bioactive
molecules among the newly developed active pharmaceutical ingredients (APIs). To design dosage forms for
these APIs, novel dosage form design and administration routes are required. For this purpose, we have tried to
effectively use the polymer-coated liposomes in oral, pulmonary and ophthalmic administration. For example,
suitable polymers were introduced for the design of specific administration routes, such as mucoadhesive liposomes
for oral administration. The key point in these researches is the particle design for the component particles of final
dosage forms, both in the case of coarse powder particle design for formulating solid dosage forms and in the case
of colloidal particle design, such as the design of liposomes for peptide drug delivery.
Keywords: particle design, patient centric therapy, orally disintegrating tablets, drug delivery systems,
mucoadhesive liposomes

1. Introduction
One of the most important roles of dosage forms is
to deliver the drug into the body. The most common
delivery route is that of oral administration, in which the
drug is taken by mouth like food and then absorbed in
the digestive tract. The active pharmaceutical ingredient
(API) is transported to the whole body via the systemic
blood stream. Since taking drugs by this route is similar
to eating food, the administration can be performed by the
patients themselves, and thus oral administration is said to
be the method with the best compliance and adherence of
the patients. Of course, many other dosage forms are also
known, such as injections that are delivered directly into
the body, inhalants that allow local administration to the
pharynx, and ointments or patches that are expected to act
mainly on the skin. These various dosage forms and their
names are defined in the pharmacopoeia in each country. In
the current (17th edition) Japanese Pharmacopoeia, various
dosage form names are listed in each administration routes.
One of the reasons why many dosage forms are required
†
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is that the optimal and most efficiently administered dosage
form must be designed according to the characteristics
and therapeutic purpose of the API. Furthermore, in recent
years, the concept of dosage form design for drug administration has evolved, with increasing consideration for the
patients who are actually administered the drug—that is,
the design of patient-centric dosage forms. Even in oral
administration, which is the most preferable administration
method for patients, there is an increasing demand for
formulation development so that administration can be
carried out more easily. For example, orally disintegrating
tablets (ODTs) that disintegrate in the oral cavity before
swallowing without or with a small amount of water are
more convenient for patients. Jelly-like formulations and
oral films have also been developed to promote ease of
swallowing and administration.
One of the motivations underlying the development of
ODTs and other easy-to-take dosage forms is the growing
need for medical treatment of the elderly in aging societies,
but a growing interest in child-friendly administration
modalities has also been a factor. Regarding the former,
age-related aspiration is a life-threatening problem, and
aspiration pneumonia is ranked as the leading cause of
death among the elderly. Although aspiration applies to
all situations, including diet, the risk of aspiration should
be reduced as much as possible in the administration of

Copyright © 2022 The Author. Published by Hosokawa Powder Technology Foundation. This is an open access
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therapeutic drugs. In recent years, there has also been a
great deal of interest in drug administration to children.
When there is no suitable tablet for pediatric dosing, tablets
are crushed in the pharmacy to match the prescription. In
addition to the labor this requires on the part of the pharma
cist, certain functions inherent to the formulation design,
such as sustained release, may be impaired by such pulver
ization. In addition, the division may reduce the accuracy
of the drug dose. Even if the pulverization proceeds without such problems, there is a concern that the receiving
child may not be able to take the powder well or may refuse
to take it entirely due to its unpleasant taste. Against this
background, the development of pediatric content formulations as well as the development of dosage forms that facilitate administration to children are underway. Examples of
such dosage forms include syrups that have been known for
a long time, jelly preparations that are newly listed in the
Japanese Pharmacopoeia, and oral film preparations. Also,
regarding the size of tablets, a mini tablet with a diameter
of about 1 to 4 mm is available as one of the new dosage
forms.
The administration of drugs is classified into two types:
systemic administration, in which a drug is delivered
systemically through the bloodstream after administration,
and topical administration, in which a drug is administered
directly to the site where its effects are needed. In either
case, it is often necessary to deliver the drug into the
body more efficiently by using suitable dosage forms and
formulations. Sustained-release preparations, in which the
drug is gradually released, are one of the delivery modes
considered in the preparation design. Orally administered
sustained-release preparations control the amount of drug
released on the preparation side to control the amount of
drug delivered systemically. As a result, specific effects are
possible, such as preventing the blood concentration of the
drug from reaching a region where side effects may occur,
and being able to increase the dose and thus reduce the number of doses. Coating is a typical preparation technique for
achieving release control from the dosage forms. A matrixtype tablet, which is prepared with a material suitable for
sustained release as the excipient, is also a commonly
used dosage form design that achieves release control
(McGinity, 1997).
In the case of designing oral preparations of the most
common small molecule drugs, it is necessary to pay close
attention to the solubility of the drug. In oral administration, the first barrier for delivery into the body is the gastrointestinal tract, and thus the drug must dissolve quickly
before absorption there. A drug to be absorbed must pass
through epithelial cells in the gastrointestinal tract, and
some hydrophobicity of the drug molecules contributes to
this permeability. On the other hand, high hydrophobicity
of the drug molecules will lead to weak solubility of the
crystal. It is well known that this balance between solubil-

ity and permeability needs to be taken into consideration
(Amidon et al., 1995), and for some time attempts have
been made to improve the solubility of poorly soluble drugs
in formulation. Such efforts have included miniaturization
of drug crystals and solid dispersion technology, and these
preparation technologies have been applied to many actual
preparations. In the former case, it can be easily imagined
that the effective surface area at the time of dissolution is
increased and the dissolution characteristics are improved
by miniaturization. However, considering the individual
processes in the actual manufacture of the final product,
mixing the finely pulverized powder into the formulation
may lead to problems, including problems with mixing
uniformity or a decrease in fluidity during transportation.
The latter method, i.e., solid dispersion, has the advantage
of potentially achieving greater saturation solubility compared with miniaturization and thus has been anticipated as
a useful technology for more than two decades. The biggest
issue is the storage stability of the drug in its amorphized
state, and the choice of carrier used for the solid dispersion
and the mechanism of the amorphization are related.
In formulation design, along with paying attention to
the characteristics of the drug crystals, the technology for
forming the final dosage form is an important research subject. For example, even in the case of tablet preparation, it
is essential to study particle design and formulation design
based on the characteristics of the materials (excipients,
disintegrants, binders, etc.) that make up the tablet shape
having the pharmaceutically required functions. In addition, when special functions such as a significant reduction
in disintegration time are required, such as for orally disintegrating tablets, which have been actively developed in
recent years, more multifaceted research is required than
for the prescription design of ordinary tablets. We have
also conducted research on particle design related to tablet
excipients, particle design of excipients and binders useful
for the formulation design of orally disintegrating tablets,
and analysis of compression molding processes using such
particles. In developing new dosage forms such as oral film
preparations (orodispersible films) and jelly preparations
that are expected to have similar functions, we have been
working on the basic formulations and the processes of formulation design and preparation methods. For convenience
of handling and portability, we have also reported the
concept of easily re-dispersible powdered emulsion of oily
drugs (dry emulsions) (Takeuchi et al., 1991) or powdered
jellies (dry jellies), which can be easily prepared by adding
water before use (Kakino et al., 2017).
On the other hand, in order to guarantee the quality of
final products, it is necessary to examine the validity of
the production process. In addition, it is important to confirm the production process using the actual formulation
on a production process scale, because the occurrence
of unexpected locking obstacles such as sticking during

151

Hirofumi Takeuchi / KONA Powder and Particle Journal No. 39 (2022) 150–175

compaction of pharmaceutical powder formulation poses
a major obstacle to production. To address these issues,
we have tried to analyze the compression process using a
tableting analyzer to detect tablet failures, and to understand the relationship between particle characteristics and
sticking phenomena. In addition, these studies have led to
the recent study of continuous production. Research on
these formulation processes is essential for pharmaceutical
companies and has been extensively conducted, but so far,
there have been only a small number of papers concerned
with conventional formulation research.
Targeting, in which the drug is selectively delivered
the desired site in the body, is a field of pharmaceutics
research. The development of a drug delivery system that
uses submicron-sized carrier particles to deliver drugs
to the target site started at late 1970’s (Couvreur et al.,
1979). Liposomes were also anticipated to be candidates
for particulate drug carriers (Knight, 1981). These fine
particles for drug delivery are sometimes called colloidal
drug delivery systems (Kreuter, 1994). Active targeting,
which utilizes the affinity of substances localized on the
cell surface to achieve particle accumulation at the delivery site, has been of interest to many researchers. On the
other hand, after administering such submicron particles
into the blood by injection, it is necessary to prevent their
distribution to other unintended organs or sites for as long
as possible. This has been especially important in the development and commercialization of liposome injections
containing anticancer agents such as doxorubicin. The
same principle applies to the case of topical administration,
and the effect of the encapsulated drug depends on how the
movement of the microparticulate preparation is controlled
after administration. Looking at the development status of
drugs in recent years, the size of drug molecules has clearly
been increasing. In particular, drugs modeled on hormones,
peptides, antibodies, etc., produced in the body have a
molecular weight of several thousand to several hundred
thousand daltons. Similar to targeting, research on such
drugs using a fine particle carrier to deliver them into the
body is also in progress.
Insulin is a typical drug with a high molecular weight.
Insulin is a substance that is originally produced in the body
and has the function of lowering the glucose concentration
in the blood when its level is high. Insulin developed as a
commercial product has saved the lives of many diabetic
patients. For type I diabetic patients who are deficient in
insulin, administration before each meal, i.e., just before
the glucose concentration in the blood rises, is the most
effective treatment method. Injection is the most popular
method of delivering insulin into the body, and selfinjection is also permitted. In addition, a prefilled syringetype of insulin in which the injection solution is pre-set
in a syringe has also been made available. The pain of
injection is alleviated by making the diameter of the needle
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sufficiently small. A unit called a gauge (G) is used for the
thickness of the injection needle: the larger the G value, the
thinner the needle. The needle for insulin injection is usually 30 G (outer diameter, 0.31 ± 0.02 mm) or more, which
is considerably thinner than the needle used for normal
blood sampling (21–23 G: outer diameter, 0.81–0.64 mm).
This is another example of pharmaceutical development
research progressing in consideration of the needs of actual
patients.
Injections are the most common dosage form for high
molecular weight drugs, and the development of more
patient-friendly optimal dosage forms is still being considered as an important research topic. In the case of insulin,
attempts to develop administration methods other than
injection have included the commercial development of
a powder inhalant to deliver insulin into the body via absorption from the lungs. We have also conducted research
focusing on liposome particle design with the aim of
developing novel delivery methods other than injection of
macromolecular drugs. Among them, polymer-coated liposomes with a mucosal adhesion function have potential for
use in the development or oral administration preparations
of high molecular drugs. In addition to oral administration,
the usefulness of drug transpulmonary absorption using
liposomes has also been investigated. We have also suggested the possibility of using eye drops to deliver the drug
to the posterior segment of the eye.
As mentioned above, there are various aspects to
pharmaceutical formulation research. All the research we
have conducted in this field has a common theme: particle
design. Such design can range from powder particles to
nanoparticles such as liposomes. That is, regardless of
the final dosage form, the goal has been to control the
characteristics of the basic powder particles and nanoparticles in order to develop the pharmaceutical function and
contribute to drug delivery. Moreover, keeping the goal of
administration to humans in mind, we have aimed to design
dosage forms that will realize the gentlest possible drug
administration in actual patients. The author would like to
introduce some of the representative researches and their
background.

2. Formulation design for improving drug
dissolution and absorption
2.1 Micronizing drug crystals and dosage form
design
It is well known that the size of drug crystals affects the
dissolution rate of drugs (Takeuchi, 2019). As the drug
dissolution rate is an important factor in preparing pharmaceutical tablets, it is not rare to pulverize or control the
drug crystal to an appropriate size in the manufacture of
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tablets. In the case of pharmaceutical preparation of poorly
water-soluble drugs, a jet mill is often used in pulverizing
pharmaceutical crystals. Many active ingredients are organic powders and generally do not have a very high melting point. Therefore, when pulverization to a few microns
is required, there is often a concern that the crystal shape
may change due to heat generated during pulverization,
and thus a jet mill that is relatively unlikely to generate
heat is used.
Drug crystals that have been refined to submicron size
(usually 100–200 nm in average particle size) are called
nanocrystals, and the state in which submicron-sized drug
crystals are dispersed in a liquid is called nanocrystal
suspension. In addition to improving the dissolution properties, submicron-sized particles exhibit gastrointestinal
retention due to tissue adhesion (Ponchel et al., 1997).
It has also been reported that the nanocrystal suspension
of drug improved its absorption extensibly in comparing
AUC (area under curve) values compared with the usual
preparation (Liversidge and Cundy, 1995). Regarding
the preparation methods, there are roughly two types of
methods for refining drug crystals to submicron size: the
breakdown method and the build-up method. Well-known
breakdown technologies are 1) the pearl milling (bead/ball
milling) method (Liversidge et al., 2003), which prepares
particles by crushing them using a large number of beads
in a medium, and 2) the high-pressure homogenization
method (Müller and Peters, 1998; Keck and Müller, 2006),
which prepares micronized particles by passing them
through narrow gaps at high pressure. These breakdowntype processes also have problems such as relatively long
operation time, concern about contaminants generated

from the medium, and high energy requirement. Elan’s
NanoCrystal® technology based on a breakdown method is
known a commercially widely used one.
Drug crystals that require improved dissolution properties often have problems with wettability, and even if
they are micronized by pulverizing, the effective specific
surface area at the time of dissolution does not increase as
expected. Conversely, the micronization may cause aggregation and lead to a decrease in the effective surface area
for dissolution. To solve this problem, we designed composite particles containing disintegrants by use of a spray
drying technique (Takeuchi et al., 1987a). When a poorly
water-soluble model drug tolbutamide and PCS® (partially pregelatinized starch), the latter of which has high
sphericity, were formulated as disintegrants, the resulting
spray-dried particles were spherical and showed excellent
fluidity. Because the powder X-ray diffraction analysis of
spray-dried particles showed the existence of drug crystals
on the particles and the particle sizes of spray-dried particles were comparable to those of PCS particles, the structure of the spray-dried particles was estimated to consist of
the drug microcrystals embedded on the surface of PCS, as
shown in Fig. 1(A). The dissolution test revealed that the
obtained composite particles had significantly improved
solubilizing property compared to the original drug crystalline powder and the spray-dried drug alone (Fig. 2). The
drug release rate depended on the drug formulating ratio
to core particle, PCS. When observed under a microscope,
the drug embedded particles were found to swell rapidly
upon contact with water, indicating that the prescribed
disintegrant worked effectively. A preparation of ordered
mixture-like composite particles of poorly-water soluble

Fig. 1 Particle design of poorly water soluble drugs for improving their dissolution properties (A) Drug embedding system with a disintegrant prepared by spray-drying technique for improvement of dissolution of poorly water soluble drugs and (B) Ordered mixtures of hydrophobic drug particles
with hydrophilic fine particles.
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product administration group was 2-fold higher than that of
the usual crystallization product.

2.2 Solid dispersion particle prepared by spray
drying

Fig. 2 Dissolution profiles of a poorly water soluble drug, tolbutamide,
spray-dried with a disintegrant, PCS® (Drug embedding system).

drug and hydrophilic excipient particles such as Neusilin®
(Fig. 1(B)) was also demonstrated with a dry mixing process by using a vibrating ball mill and a mechanical fusion
system (Mechanofusion®). The resultant dissolution profiles of the poorly water-soluble drug indomethacin (IMC)
from the composite particles were 3-fold to 4-fold faster.
It is presumed that the particles having excellent hydrophilicity increased the hydrophilicity of the drug crystals
by coating their surface and increased the effective surface
area in drug dissolution.
As an attempt at nanocrystal preparation by the build-up
method, we tried to control the crystallization of a poorly
water-soluble drug using a Pure Nano high-pressure
crystallizer (manufactured by Microfluidics) in which the
poor solvent addition precipitation method was applied
to the precision mixing technique using a high-pressure
homogenizer (Takeuchi and Onodera, 2015). By increasing
the pressure of the reaction field, a high-strength shear
field is formed inside the reaction vessel, and the reactants
are mixed in a turbulent state in which the strong energy
dissipation mechanism is activated. In the case of crystallization, it was expected that a smaller size of crystals
could be obtained by this method compared with the usual
mixing operation with a normal stirrer. After preparing
a fine crystal suspension of phenytoin as a model of a
poorly water-soluble drug and polyvinyl alcohol (PVA) as
a dispersion stabilizer, the crystal form, solubility, absorbability after oral administration, etc., of the crystals were
evaluated (Tahara et al., 2016). In the case of high-pressure
crystallization, the particle size was about half of that in
the case of normal crystallization. Moreover, there was no
change in the crystal form. The solubilizing property of the
prepared particles was remarkably improved. When each
phenytoin sample was orally administered to rats and the
bioavailability was compared by the drug concentration in
blood, the AUC value in the high-pressure crystallization
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The term solid dispersion of a pharmaceutical preparation refers to a preparation in which the drug is dispersed
in a solid carrier in an amorphous state. More precisely, the
drug is dispersed as a molecule or a cluster in the carrier
solids. It is well known that drugs in the amorphous state
have excellent dissolution properties (Takeuchi, 2019).
However, the amorphous state is generally unstable, and
crystallization during storage is one of the strictly required
points for pharmaceutical preparations. From this point of
view, the selection of the carrier to be blended is important,
and many studies have been conducted to determine the
best carriers. Furthermore, it has been pointed out that the
preparation process in which the drug is first dissolved and
the solvent is distilled off, has an energy problem. However, in recent years, the proportion of poorly soluble drugs
among the drugs developed has been extremely large,
and improvement of solubility has become an extremely
important issue. Thus, solid dispersions are one of the
important methods for improving the dissolution property
of poorly water-soluble drugs.
Research on solid solutions is often said to be the first
research on solid dispersion systems (Sekiguchi and Obi,
1961; Chiou and Riegelman, 1969; Simonelli et al., 1969),
but research on pharmaceutical preparations has been
actively conducted since the 1980s. In order to amorphize
drug crystals, it is important to use an appropriate carrier,
and water-soluble polymers such as polyvinylpyrrolidone
(PVP) have been studied as useful carriers (Corrigan et al.,
1983; 1984; Ford et al., 1986). We selected a spray-drying
technique to prepare solid dispersion particles, because
the resultant particles are spherical and tend to be freely
flowing. As a new carrier for preparing the solid dispersion
particles prepared by spray-drying, we used fumed silica
(Aerosil®), which is insoluble in water but extremely hydrophilic, and is prepared by the spray method (Takeuchi
et al., 1987b).
Enteric coating polymer (Eudragit L and hydroxypropyl
methylcellulose phthalate (HPMCP)) was also examined
as a candidate for carriers. An attempt was made to prepare
solid dispersion particles by dissolving dilute ammonia
water in which the model drug tolbutamide was dissolved
and dispersing or dissolving each carrier. As a result of
evaluating the spray-dried particles prepared with a 1:1
ratio of drug: silica by powder X-ray diffraction, it was
clarified that the drug exists in an amorphous state in the
particles. Crystallization of the drug was observed when
the prescribed amount of silica for the drug was reduced,
indicating that the interaction between the drug and silica
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Fig. 3 Dissolution profiles of tolbutamide from spray-dried solid dispersion particles with silica or crystalline tolbutamide.

particle surface contributed to the amorphization. All of
the particles obtained from the characteristics of the spray
drying process were spherical and had excellent fluidity. As
shown in Fig. 3, the fastest drug dissolution was confirmed
for the solid dispersion particles prepared with a 1:1 ratio
of drug: silica, in which complete amorphization of the
drug was confirmed. When the ratio of silica was reduced,
the elution rate was delayed according to the ratio, and at a
ratio of 5:1 it became almost the same as the raw crystalline
of tolbutamide.
In order to confirm the usefulness of hydrophilic waterinsoluble particles as a carrier of solid dispersion, we
also evaluated porous silica (Sylysia®) prepared by a wet
method (Takeuchi et al., 2004a). When the ethanol solution
of tolbutamide was spray-dried alone, it became a metastable crystalline form II. In the evaporator method, when the
solvent was distilled off, it became a stable crystalline form
I, suggesting that the resultant crystal form depends on the
drying rate. The spray-dried solid dispersion particles of
tolbutamide with porous silica were found to be in metastable form II. The metastable crystals with silica in the solid
dispersion particles were maintained even during the storage test period, confirming the importance of the presence
of the carrier. In addition, the dissolution of tolbutamide
in the solid dispersion particles is significantly faster than
that of form II particles prepared by spray-drying without
silica. The hydrophilicity of the carrier silica improves the
wettability of the solid dispersion particles, resulting in the
good dissolution.
In the case of indomethacin (IMC), an amorphous state
was obtained by spray drying its ethanolic solution regardless of the presence or absence of a carrier. As for the dissolution characteristics, the solid dispersion particles using
the porous silica Sylysia350 as a carrier showed extremely
rapid dissolution (Fig. 4). When similar indomethacin

Fig. 4 Dissolution profiles of IMC from solid dispersion particles with
Aerosil 200 or Sylysia 350.
＋: Original IMC, ×: Spray-dried IMC, ○: Solid dispersion particles with
Aerosil 200, ●: Solid dispersion particles with Sylysia 350.

solid dispersion particles were prepared using porous silica
having different pore diameters as a carrier, an amorphous
drug was confirmed with any of the silicas. However, when
the dissolution rates were compared, it was observed that
the drug dissolution was higher in the case of Sylysia®350,
which has a larger pore size than Sylysia® 740 (Takeuchi et
al., 2003b). When the specific surface areas of the two solid
dispersion particles were measured, the value decreased
remarkably in the case of Sylysia740, and it was presumed
that the pore entrance was closed by the precipitated drug.
Therefore, it was concluded that porous silica with a large
pore diameter effectively utilizes the pores to amorphize
the drug. It is important to pay attention to the prescription
ratio of silica and the drug as a carrier and the type of silica,
but it has been clarified that porous silica is useful as a
carrier of a solid dispersion.

3. Design of orally disintegrating tablets and
orally disintegrating films
3.1 Tablet preparation and particle design of
excipients
Tablets are usually prepared by compression molding of
powder (compaction). Compaction consists of four steps:
filling → compression → depressurization → discharge.
The powder is discharged from the hopper into the die or
into the feeder around the die and then filled in the die. A
stirring feeder may be used for discharge from the hopper,
but the filling in the die is usually performed by the weight
of the powder itself. Powder fluidity is an important factor
in these processes. In the next step, i.e., the compression
process, the particles are deformed by pressurization to
increase the binding force and form a molded product
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(tablet). Various factors are involved in the binding force
between particles. Because the binding force of a substance
by van der Waals force is dominant, when the number of
bonding points between particles in a tablet is increased,
the contact area at the bonding points will be increased, resulting in a stronger molded body. Therefore, particles with
large plastic deformability are suitable for compaction. On
the other hand, particles with large elastic deformability are
not suitable for tablet preparation.
In addition to drug powders, various additive powders
(excipients) are used in the preparation of pharmaceutical
tablets. One of the most important excipients is filler powder, which has a major influence on compactibility and thus
must be designed with care. The commercialization of filler
powders for direct tableting began in the 1960s. Lactose is
a representative case of a filler that was introduced in the
1960s and has undergone substantial improvement. Lactose
is one of the most widely used filler powders for preparing
pharmaceutical tablets. The improved compactibility of
spray-dried lactose (DCL11) is due to amorphous part of
lactose containing 15–20 % in the particle. Anhydrous
β-lactose (DCL21), which has better compactibility than
a monohydrate (α-lactose) was also commercialized. Over
the decades that followed, the development of excipients
progressed. As shown in Table 1, many co-processed products of lactose and other substances have been developed
Table 1 Co-processed excipients with lactose.

Trade Name

Composition
PVP*1

Manufacturer
(7 %)

BASF

Ludipress

Lactose,

Cellactose

Lactose, Cellulose
(25 %)

Meggle

Pharmatose DCL
40

β-Lactose, Lactitol
(5 %)

DMV Veghel

MicroceLac

MCC*2, Lactose

Meggle

StarLac

Lactose, Maize starch

Roquette

*1

PVP: polyvinyl pyrrolidone
*2 MCC: micro crystalline cellulose

as products.
The amorphous forms affect the compressibility properties of powders as well as the dissolution property of the
resultant dosage forms (Pikal et al., 1978; Vromans et al.,
1986). However, the amorphous forms of solids can be easily transformed into more stable, crystalline forms by heat
and moisture. Regarding amorphous lactose, studies on its
compactibility and the stability of amorphous substances
have been conducted from various viewpoints (Sebhatu et
al., 1994; 1997; Buckton and Darcy, 1996). Stubberud and
Forbes (1998) showed the effects of the physical addition
of PVP to amorphous lactose on the crystallization of the
amorphous lactose by using a gravimetric system for monitoring the moisture sorption. Saleki-Gerhardt and Zografi
(1994) studied that crystallization of amorphous sucrose in
the presence of other saccharides, such as lactose, trehalose
significantly extended the induction time for crystallization
of sucrose.
We evaluated the properties of the particles obtained by
prescribing NaAlg (sodium alginate) as a water-soluble
polymer in the range of up to 50 % for the purpose of stabilizing amorphous lactose (Takeuchi et al., 1999c; 2000b;
2000c). Fig. 5 shows the results of the thermal stability of
amorphous lactose measured by DSC. When no NaAlg or
1 % NaAlg was added, exothermic peaks indicating the
crystallization of amorphous lactose were observed. On the
other hand, no exothermic peak was detected in the composite particles containing 10 % or more of NaAlg, indicating that the thermal stability was greatly improved. This
improvement in thermal stability was found to correlate
with an increase in the glass transition temperature (Tg) of
lactose detected from the DSC chart. It has been reported
that crystallization of amorphous lactose occurs when the
Tg value decreases below the storage temperature due to
the “plasticizing” effects of water molecules absorbed in
lactose (Stubberud et al., 1996). The SD composite particles showed that higher relative humidity values were
required for the initiation of crystallization depending on
the content of the sodium alginate: 57 % relative humidity

Fig. 5 DSC thermograms of (A) SD composite particles and (B) physical mixtures of 100 % amorphous lactose and sodium alginate. Sodium alginate
content in the mixtures: (a) 0 %, (b) 1 %, (c) 5 %, (d) 10 %, (e) 30 %, (f) 50 %.
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for 10 % sodium alginate content and 60 % relative humidity for 30 % sodium alginate content. This increase in the
relative humidity required to initiate the crystallization can
be attributed to either an increase in the Tg of the composite
particles or the absorption of moisture into the sodium
alginate.
When the compactibility of the composite particles
containing amorphous lactose and NaAlg was evaluated, as
shown in Fig. 6, excellent compactibility similar to that of
amorphous lactose was confirmed up to an amount of 10 %
of NaAlg added. However, when the amount of NaAlg
was increased to 30 %, a significant decrease in tensile
strength was observed, indicating a decrease in compactibility. This change in compression characteristics was well
correlated with the change in Tg due to the compositing
of NaAlg. The increase in Tg due to NaAlg compositing
indicates that the particles become rigid. In fact, when the
surface of the tablet is observed with a scanning electron
microscope, the fusion of the particles is apparent for the
particles with 10 % NaAlg added when compacted under
the same conditions, while the shape of the individual
particles is almost completely retained in the particles with
30 % addition of NaAlg (Fig. 7). The reason that the Tg of

Fig. 6 Tensile strength of tablets prepared with spray-dried composite
particles of amorphous lactose containing sodium alginate (0–30 %).

lactose in the particles affects the moldability is that when
Lac-NaAlg is stored in a humidified state, the Tg decreases
and the hardness of the molded product also increases.
This result shows that the excellent plasticity of amorphous
lactose decreases depending on the type and amount of
the polymer added, and as a result, the hardness of the
molded product is greatly reduced. It has been shown that
the type and content of the substance to be composited are
important factors in order to stabilize the amorphous body
while maintaining the high moldability characteristics of
the amorphous lactose.

3.2 Particle design for preparation of orally
disintegrating tablets
In the design of orally disintegrating tablets (ODTs),
various studies have been conducted for the purpose of
achieving a tablet that disintegrates extremely rapidly
in the oral cavity before swallowing. The first commercialized product, Zydis®, was molded by lyophilizing a
solution or suspension of a drug and excipients in a mold
(Seager, 1998). Zydis® does not have the strength required
for ordinary tablets; rather, the tablet form is maintained by
the container. Much research has also been done with the
aim of preparing ODTs by using conventional tableting instruments (Sugimoto et al., 2006; Kuno et al., 2008; Okuda
et al., 2009). One of the methods is molding a powder layer
under wet conditions at a low pressure and then drying it
to obtain a tablet hardness close to that of a normal tablet.
Another method is to use maltose in the tablet formulation
and crystallizing it by humidification and drying treatment
after molding to obtain interparticle binding force. A third
approach to increase the tablet hardness is to exploit the
difference in the melting point of saccharides, and to heat
the molded product at an appropriate temperature to promote the crystallization of only one sugar. All three methods have contributed to development of commercial ODTs.
As the demand for ODTs increases, technological development of a method for preparing ODTs using a normal
tableting machine is required. Particle design of excipients
is important for the preparation of ODTs by conventional
tableting processes. Mannitol is most often used as an

Fig. 7 Scanning electron micrographs of the upper surface of tablets compacted at compression pressure of 400 MPa: (a) 100 % amorphous lactose,
(b) SD composite particles (SDCP) with 10 % sodium alginate, (c) SDCP with 30 % sodium alginate.
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Fig. 8

Schematic presentation of preparation of composite particle of sugar alcohol with porous silica for preparation of orally disintegrating tablets.

Fig. 9 Tensile strength of tablets of mannitol or erythritol by formulating corresponding composite particles prepared by spray-drying with
silica.
Conditions: compaction pressure, 100 MPa; tablet weight, 200 mg.
Formulation of tablets:
Original : Sugar alcohol + 1 % Mg-st
CP
: Sugar alcohol + 20 % Sugar alcohol-CP + 1 % Mg-st
PM-1
:
Sugar alcohol + 10 % spray-dried Sugar alcohol + 10 %
silica + 1 % Mg-st
PM-2
: Sugar alcohol + 10 % silica + 1 % Mg-st

excipient to obtain rapid disintegration properties. Erythritol is also an excellent excipient candidate because of its
solubility and refreshing sensation when dissolved. However, both are inferior in compactibility to lactose, which
is most commonly used in ordinary tablets. In the case of
erythritol, a molded product cannot be obtained even by
compression at extremely high pressure.
For nearly a decade now, we have been conducting
research for the purpose of improving the moldability of
mannitol and erythritol. As shown in Fig. 8, we determined
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that constituents of low formable powder, such as mannitol
and erythritol, can be spray-dried together with porous
silica to form a composite particle, and then an appropriate
amount of this composite particle can be mixed with the
original low formable powder to dramatically increase the
compactibility (Takeuchi et al., 2012). Fig. 9 shows the results of tablet hardness achieved using this composite particle method. It is well known that the hardness of tablets is
increased by adding an appropriate amount of silica to the
tablet formulation, but in the case of mannitol, such an effect is hardly observed. When our new approach was used
to blend composite particles, the tablet hardness became as
high as that of typical commercial tablets. For erythritol,
which cannot be compression-molded by itself at a high
pressure, the tablet hardness could be increased to some
extent by mixing silica and separately spray-dried erythritol and tableting. By using the composite particle method,
the resultant tablet hardness was much improved. We have
also used the composite particle method to examine the
formulation of specific ODTs. After adding various types
and amounts of disintegrants (2, 5, 10 % w/w) to the basic
formulation (a mixture of erythritol, erythritol-silica composite particles (10 % w/w) and magnesium stearate (0.2 %
w/w)), a tableting test was performed. All the formulations
with the various disintegrants achieved good tablet hardness, but the disintegration time of tablets varied greatly
depending on the type of disintegrant. When the disintegrant was cross povidone, the resultant tablet showed the
best disintegration property at about 15 seconds.
When the crystallinity of erythritol in the composite
particles of porous silica-erythritol was evaluated to characterize this composite particle method, the powder X-ray
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Fig. 10 Scanning electron photographs of typical mannitol crystal and commercial products of mannitol for direct tableting.
(a) MNP (Mannit P), (b) MNQ (Mannit Q), (c) PK2 (Parteck M200), (d) PL2 (Pearlitol 200 SD), (e) GRR (Granutol R).

diffraction evaluation indicated no loss of crystallinity, but
the endothermic peak due to melting measured by DSC
shifted to the low temperature side (Tanimura et al., 2015).
This suggested that the crystal energy was high. Moreover,
since the proportion of high-energy crystals and the degree
of improvement in compactibility were well correlated, it
was concluded that this high-energy erythritol contributed
to the improvement in compactibility. In fact, when the
silica: erythritol ratio was changed to 1:1, 1:2, or 1:3, the
1:2 composite particles showed the highest tablet hardness.
Like lactose, mannitol has also been studied as an
excipient, and product development centered on the granulation method has been conducted. So far, several types of
mannitol for direct tableting have been made commercially
available from several excipient manufacturers. Scanning
electron micrographs of the mannitol particles are shown
in Fig. 10. In each case, the component is pure mannitol,
but the production method alternates between spray-drying
and spray-drying granulation. Some particles, such as
Mannit Q, have a characteristic particle structure such as a
spherical hollow, but the appearance of the other particles
in the electron microscopic photographs does not differ
substantially (Fig. 10). Crystallinity is almost the same.
These commercial products are larger than mannitol crystals and have an improved compactibility. As for Mannit
Q, it is presumed that the compactibility at compression
is improved because the Mannit Q particle is composed of
fine mannitol crystals, as can be confirmed by electron micrographs. Excipients for direct tableting require both high
fluidity and excellent compactibility. When the fluidity of
some mannitol products for direct tableting was evaluated
by the Carr’s index, it was confirmed that all of them had
characteristic values suitable for direct tableting.
Incorporation of a binder into a tablet formulation to
improve its compactibility is a common formulation design
method. In the formulation design of orally disintegrating
tablets, it is necessary to pay sufficient attention to the type
and prescription amount of the binder for ODTs in order to
obtain the tablet characteristic of an extremely short disintegration time. Increasing the amount of binder increases
tablet hardness, but leads to a delay in disintegration
time. This is considered to be due to water penetrating the
tablet, causing the binder to dissolve and adopt a viscous
gel state, which delays the penetration of additional water
into the tablet. For example, hydroxypropyl cellulose

Fig. 11 Hardness of erythritol tablets prepared with a fine binder
partilces of HPC-L.
Formulation of tablets: erythritol (88.5 %), HPC-L (10 %) + Mg-st
(1 %) + silica (0.5 %).

(HPC), which is a pharmaceutical additive widely used in
Japan, has several grades used for granulation as a binder.
The grade with low viscosity achieved by decreasing the
molecular weight is suitable for rapid disintegration of
tablets. When using HPC as a binder for the mixing of other
powders, the smaller the particle size of HPC, the better
the dispersibility in the prescription powder, and thus the
greater the number of bonding points between the powders
and the greater the hardness of the tablets. We prepared
fine particles of HPC using the spray-drying method and
the freeze pulverization method. By controlling the particle
size of HPC to an average of about 20 μm or less, tablets
having the desired characteristics could be prepared. The
hardness of the tablets increased remarkably when the
spray-dried spherical HPC fine particles were formulated
into a tablet formulation (Fig. 11) (Tanimura et al., 2006).
In addition, by prescribing the lowest molecular weight and
thus lowest viscosity HPC-SSL fine particles as a binder in
a model ODT formulation, the desired disintegration of less
than 30 seconds and a sufficiently high tablet hardness for
practical application could be achieved.
To realize an easier prescription design of ODTs, particle
design research has progressed in diverse directions. Development of commercial products such as premixed filler
formulations using other additives or composite particles
have been produced by excipient manufacturers to allow
direct tableting of ODTs using a tableting machine like
those used for ordinary tablets. Table 2 lists some of the
commercial products and their components.
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Table 2 Premixed or co-processed excipients with mannitol for direct
tableting of ODT.

Trade name

Formulation

F-MELT

Mannitol, xylitol, microcrystalline cellulose, cross povidone, Metasilicate alumic
acid magnesium or Anhydrous calcium
hydrogen phosphate

SmartEx

Mannitol, L-HPC, PVA

Ludiflash

Mannitol, Collidone CL-SF, Collicoat
SR30D

Pearitol FLASH

Mannitol, corn starch

Granfiller D

Mannitol, carmelose, cross-povidone

L-HPC: Low-substituted hydroxy propyl cellulose
PVA: poly vinyl alcohol

3.3 Design of orally disintegrating film
Oral film preparations are preparations having the same
characteristics as ODTs. Accordingly, they are sometimes
referred to as ODFs (orally disintegrating films). These
films are usually stamp-sized and thin as paper. Product
development in Europe and the United States has been
more active than in Japan, and also the number of products
is larger there. In recent years, patient-centric concept has
received much attention in dosage form design. Some of
pharmaceutical companies are taking account of ODFs as
one of the useful dosage forms for sick or pediatric patients
who have difficulty in swallowing. In terms of regulation,
the ODF is one of the subclasses of dosage forms to be
orally administered in the 17th edition of the Japanese
Pharmacopeia.
In parallel with the research on ODTs, we have focused
on ODFs as a dosage form having the same or more patientfriendly functions. A water-soluble polymer is used as a
base corresponding to a filler for tablets; so far, pullulan
and hydroxypropyl methylcellulose (HPMC) have been
widely used as base polymers for commercial products.
In conducting a formulation study of ODFs by using
HPMC as a base in the film formulation, we found that
the disintegration time could be dramatically shortened
by prescribing a small amount of micronized disintegrant
low-substituted hydroxypropyl cellulose (L-HPC) as a disintegrant (Takeuchi et al., 2013). It was also shown that the
disintegration characteristics could be improved by using
insoluble fine particles such as silica and microcrystalline
cellulose as well as L-HPC with different particle sizes and
shapes in the film. (Takeuchi Y. et al., 2019). The larger
particles had a greater impact on disintegration, compared
to the smaller particles. However, the addition of larger
particles decreased the films’ tensile strength.
For the purpose of searching for an optimum formulation of ODFs, we also investigated the effect of the type
of base polymer on the characteristics of resultant ODFs
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by using hydroxypropyl cellulose (HPC) and polyvinyl
alcohol (PVA) as well as the more commonly used HPMC.
HPC films were found to have suitable characteristics as a
base of ODFs from the standpoints of disintegration and
mechanical strength. The HPC films showed particularly
good mechanical properties. When model drugs were
formulated, these characteristics remained (Takeuchi Y. et
al., 2018). HPC is also formulated in some commercially
available films prepared with HPMC, probably as a plasticizer in the HPMC film formulation. As the mixing ratio of
HPC to HPMC is not disclosed, we examined the mixing
ratio of HPC and HPMC. While adding a small amount of
HPC (< 10 %) yielded films with a good plasticity, the mechanical properties of the films were significantly deteriorated when increasing amounts of HPC were prescribed to
HPMC, such as when a 1:1 ratio of HPC:HPMC was used.
This may be attributed to poor compatibility between the
polymers. PVA was highly flexible when made into a film
and had high refraction resistance. Since it is sticky, it is
necessary to take measures to mediate the stickiness. However, it was also confirmed that the film base was suitable
for drug encapsulation, because its mechanical property
values were not easily altered, even if a drug is added in the
formulation. (Takeuchi Y. et al., 2020a).

4. Progress on the solid formulation
manufacturing process
4.1 Analysis of the powder compaction process
The powder properties required for the formulation of
tablets with the desired functions were described above in
the sections 3.1 and 3.2. However, the tableting process also
has a great influence on the preparation of the compacted
product, and thus various studies have been conducted to
examine these effects of tableting. There are two main approaches for the preparation of tablets: (1) direct tableting,
in which the drug powder and other excipient powder are
mixed, and (2) indirect tableting or granule compression,
in which part or all of the powder is granulated and compressed in advance. In either case, the compaction process
consists of filling the die with powder, compressing, and
then discharging the tablet from the die after releasing
pressure. A stress-displacement curve (Fig. 12(A)) can be
drawn by precisely measuring the displacement during
compression and the upper punch load over time for obtaining information on the compression characteristics of
the powder. Depending on the type of powder, the displacement is reduced (expansion of the compacted product) after
the displacement is maximized at the maximum pressure of
the upper punch. This is due to elastic recovery of the compacted powder. The net energy required for compaction is
calculated by subtracting the energy for elastic recovery
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(B) from the total energy required for molding (A + B).
The net energy is expressed as a ratio to the total energy
and used as an index of compactibility. The compression
equation most often used when evaluating compression
molding characteristics using a compression model is the
Heckel equation (1) (Heckel., 1961a; 1961b).

ln

1
 kP  A
ε

(1)

Here, ε is the porosity of the powder layer, P is the compression pressure, and the pressure from the upper punch is
(1) used for this measurement.
usually
As shown in Fig. 12(B), when the compression pressure
is increased, causing the compression to proceed and the
powder layer to begin undergoing plastic deformation, the
increase on the left side of the Heckel equation becomes
constant and appears as a straight line. This slope is k, and

Fig. 12 Analysis methods of compression properties of powders.
(A) Compression force-displacement curve (B) Heckel plot.

the reciprocal of the slope is used as the yield pressure (Py)
as an index of plastic deformation.
Py = 1/k

(2)

The compaction property of powders has been evaluated
with various parameters such as yield pressure measured
by Heckel analysis (Humbert-Droz et al., 1983), stress relaxation (van der Voort Maarschalk et al., 1997) and elastic
recovery (Picker, 2001). In general, a powder with plastic
deformability is preferable for preparing a compacted
product as it increases the tablet hardness, while the property of elasticity works in the opposite way.
It is possible to estimate one of the tablet failures in
tableting, capping, by using these parameters. Capping, in
which the contact surface of the tablet is peeled off with the
punch, is thought to be caused by any of several different
aspects of the compaction process. Higher elasticity of
compacted powder is one of the main factors for capping
during compaction. The measurement of die wall pressure
may also be a useful method to evaluate the compaction
property of powders, because residual die wall pressure
reflects the plastic property of the compacted powder in the
die (Carless and Leigh, 1974). Some papers have reported
that the residual die wall pressure is one of the main factors
for capping, with other factors being the elastic recovery
during decompression, the stress concentration due to die
wall pressure at decompression (Hiestand et al., 1977)
and the entrapped air in the tablet during the compaction
process (Tanino et al., 1995). Sugimori reported that capping occurs when a tablet is cracked by residual die wall
pressure at the final stage of the decompression process
(Sugimori et al., 1989a; 1989b).
In the studies mentioned above, the compression parameters were measured by using static compression
with a very slow compression speed. We evaluated the
compression molding process using a compaction analyzer
(Tab All®) that can measure the pressure detected at each
site on a single-shot tableting machine for analysis in a
dynamic compressed state similar to an actual tableting
machine. Fig. 13 shows an example of the data under

Fig. 13 Upper and lower punch forces and residual die wall force profiles and punch displacement measured by a tableting analysis instrument
(TabAll, Okada Seiko Co.).
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Fig. 14 Die wall force profile in compacting typical filler powders (A) lactose (B) mannitol (C) sorbitol for pharmaceutical tablets formulating
different amount of lubricant, magnesium stearate.

various loads during compaction. The load applied to the
wall surface increases with the increase of the upper punch
load and shows the maximum die wall pressure (MDP),
and then the pressure is reduced and the force detected
even after the pressure is completely removed is called the
residual die wall surface pressure (RDP). The MDP value
increased when the compression pressure was changed
with the same powder. In addition, since the MDP value
differs greatly depending on the powder even at the same
compression pressure, it was proposed to evaluate by the
RDP/MDP value standardized by the MDP rather than
directly comparing the RDP value. The RDP/MDP value
reflected the compacting property of pharmaceutical powders. For example, crystalline lactose and ascorbic acid,
which showed a capping tendency, showed relatively larger
RDP/MDP values (Takeuchi et al., 2004b). Fig. 14 shows
the results of measuring the residual die wall pressure
profile by changing the amount of the lubricant for lactose,
mannitol, and sorbitol, which are excipients of three typical
pharmaceutical tablets (Takeuchi et al., 2005b). Sorbitol,
which has the best compactibility, showed a low residual
wall pressure regardless of the prescription amount of the
lubricant. Mannitol, as well as lactose, tends to cause tablet
failures such as binding and capping depending on the
tableting formulation and conditions. For example, if the
prescription amount of the lubricant in the tablet formulation increases, the tablet failure tendency is depressed. The
decrease in RDP/MDP value with increasing the amount of
the lubricant was well correlated to this tendency.
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In recent years, for the purpose of more practical analysis of tableting processes, a tableting simulator (Style
One®) capable of compression molding in a form closer to
that of a rotary tableting machine was developed. Not only
does the rotary tableting machine used for production have
a faster compression molding speed than the single-punch
tableting machine, but also the size of instrument, the
installation angle of machine parts such as rotating discs,
and often the compression rollers for compression molding
(depending on the model of machine) have different characteristics between the rotary and single-punch tableting
machine. These differences cause the compression time
and the interval of each compression molding process to
differ depending on the model of the tableting machine
(Narang et al., 2010). In addition, in the process of drug
development, it is inevitable that the scale of the tableting
machine will change, and it is necessary to set new tableting conditions each time. At that time, process parameters
are usually determined based on experience and trial and
error, and thus the development of a convenient method for
setting the parameters in these cases is strongly required.
The tableting simulator developed in recent years can
reproduce the tableting process of various rotary tableting
machines, and can obtain the compaction parameter values
of various rotary tableting machines even though it is a
single-punch tableting machine.
Using this tableting simulator, evaluation of the effect of
the compression rate on tablet characteristics (Michaut et
al., 2010) or evaluation of the pressure applied to the tablet
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when the tablet is ejected from the die in the tablet ejection
process (Sun, 2015) has been reported. Takahashi et al.
conducted a series of experiments with the goal of efficiently optimizing the tableting conditions associated with
changes in the tableting machine that occur during scale-up
and technology transfer. Even if compaction is performed
under the same conditions by different types of tableting
machines, the tablet characteristics will change. It was
found using a tableting simulator that the change in tableting speed was most critical to the change in compactibility
and thus tablet properties. As a new prediction model for
determining the optimum tableting conditions when changing the tableting machine, it was found that the area under
the curve (AUC) in the time-pressure profile considering
the compression time is an important parameter (Takahashi
et al., 2019). Based on this concept, a model for predicting
tableting conditions (locking pressure, rotation speed) was
constructed, and its suitability was confirmed by comparing data from different locking machines (Takahashi et al.,
2020). Utilizing these parameters, it will be possible to
compare parameters in the tableting process to standardize
them during scale-up or technology transfer.

4.2 Tableting failures on a production scale
In addition to the capping discussed in section 4.1, several other types of tablet failures occur, such as sticking,
binding, and chipping. Among them, sticking, in which a
part of the powder adheres to the surface of the punch, may
lead to serious problems in the production scale. It is conceivable that the number of tablets will increase, the surface of the punch will deteriorate due to long-term use, and
the adhesion of powder will proceed more easily. These
sticking obstacles not only affect the product quality, but
also lead to damage to the punch due to the application of
extremely high pressure to the punch. It seems reasonable
to consider that a possible reason for the sticking is that
the bonding force between the particles in the powder bed
is weaker than that of powder on the surface of the punch.
In order to clarify the detailed mechanism responsible for
the sticking to avoid this tablet failure, several studies
have been conducted. These works have reported various
potential causes of the sticking, such as the physical
and mechanical properties of active powders (Naito and
Nakamichi, 1969; Danjo et al., 1993), water content,
hygroscopicity of the formulations, lubricant types and
concentrations, (Danjo et al., 1997; Waimer et al., 1999a;
Roberts et al., 2004), tableting tools and punch surface
shapes, and operating conditions (Newton et al., 2000;
Sixsmith and McCluskey, 1981; Waimer et al., 1999b;
Kakimi et al., 2010) such as engraving of the punched sur
face and finishing of the punched surface.
In order to prevent sticking during the production of
tablets, it is conceivable that the amount of the binder

could be increased or both the amount of the binder and
the amount of the lubricant in the tablet formulation could
be increased. However, it may be difficult to change the
formulation after fixing it for approval. On the production
side, attempts will be made to try to control tableting conditions such as the tableting speed or pressure. Recently,
tableting machines companies or manufacturers of parts
of machines such as punches and dies have proposed alternative methods to avoid these tablet failures. In one case,
the surface treatment of the punch was developed for the
purpose of suppressing the adhesion between the powder
and the surface of the punch and avoiding sticking, and
several kinds of punches with different surface treatments
are commercially available in Japan. As can be seen from
the laser micrograph (Fig. 15), the surface of the punch is
uneven, unlike the surface of a normal punch. The concept
is that the unevenness reduces the contact area with the
powder and reduces adhesion of the powder. We evaluated
the effect of a punch surface treatment using these punches
and the effect of reducing adhesion using two types of
pharmaceutical crystals with different plastic deformability
(Takeuchi Y. et al., 2020b). Using a single-shot tableting
machine, tableting was performed up to several times, and
the amount of drug adhering to the surface of the punch
was quantified by HPLC. As a result, in the case of a drug
such as acetaminophen, which was evaluated to have low
plastic deformability as confirmed by the Heckel plot, the
unevenness of the punch surface tended to reduce the drug
adhesion to the punch surface (Fig. 16). On the other hand,
in the case of ibuprofen, which has a relatively large plastic
deformability, the amount of adhered drug was almost the
same regardless of the presence or absence of unevenness
on the surface of the punch. Rather, the tendency of increasing adhesion of P3, which has the largest unevenness,

Fig. 15 Three-dimensional surface roughness profiles of tableting
punch faces observed by a laser microscope.
Four types of punch, (a) P0, (b) P1, (c) P2 and (d) P3, were supplied by
TWO NINE JAPAN (Kyoto, Japan). P0 is a usual smooth surface punch
and the Sa (the arithmetical mean height of the assessed surface) value
measured by the laser microscope is 0.014. The surface roughness of the
top of punch P1-3 (surface treated punch) is P1 (Sa: 0.180 μm) < P2 (Sa:
0.222 μm) < P3 (Sa: 0.304 μm).
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Fig. 16 Relationship between the adhesion amounts of formulated
acetaminophen powder on the punch surface and the number of tablet
ing. Compression pressure was 100 MPa. Data are expressed as mean ±
SD (n = 3). The types of punch were explained in Fig. 15.

was observed to be the largest. These results suggested that
when the plastic deformability is large, the area of contact
of the powder on the uneven punch surface during tableting
is large, and thus the adhesion tendency is increased.
As described above, pharmaceutical companies want
to avoid problems such as tableting failures during production, and thus predicting such problems at the time of
tablet prescription design is an important goal. For this
purpose, Pitt et al. (Pitt et al., 2015) conducted a study
using the GTP-1® and proposed a criteria for feasibility
of tableting with a formulation. The proposed value of the
strength of tablet (TFS) as measured by GTP-1 is greater
than 2 MPa in tableting at 200 MPa. They also proposed
that the discharge pressure (ES) should be smaller than
5 MPa. Osamura et al. (2016) systematically compared the
GTP-1 measurement results with the actual tableting results obtained with a rotary tableting machine to determine
TFS and ES. They tried to visually express the tableting
characteristics of the prescription by classifying them into
four areas as an index of compactibility and an index of
manufacturability. When the validity of this evaluation
system was verified using pharmaceutical excipients with
known tableting characteristics, the results reflected the
characteristics of individual excipients (Fig. 17). Furthermore, it was also shown that even with a practical formulation, a series of formulations that may have an effect on
manufacturability, such as a change in the blending amount
of a lubricant, can be examined and the effect can be visually confirmed (Osamura et al., 2017). They selected drugs
for which a sticking phenomenon was easily observed,
changed the blending amount of lubricant and tablet shape,
and compared the results obtained using GTP-1 and a
rotary tableting machine. A good correlation between the
two was obtained even for tablet formulations in which
different amount of the lubricant was formulated and/or for
tablets prepared by using different punches having various
shapes. Using the same method, it was also demonstrated
that this estimation for tableting process using the GTP-1®

164

Fig. 17 Plots of compactibility and producibility for pharmaceutical
excipients based on the combination of TFS and Ejection stress measured with GTP-1®.

is feasible for indirect tableting with granulated drugs with
excipients to avoid sticking (Osamura et al., 2018).

5. Liposomal particle design for drug delivery
5.1 Polymer-coated liposomes for efficient drug
delivery
Phospholipids are constituents of cell membranes. The
surface of liposomal particles composed of phospholipid
bilayers can be easily modified with both positive and
negative charges by prescribing a small amount of charged
substance together with phospholipids in the preparation.
By prescribing an appropriate amount of cholesterol, the
fluidity of and the degree of hydrophobicity of liposomal
particles can be controlled by controlling the prescribed
amount. Furthermore, it has been reported that the surface
of liposome particles can be modified with polymers,
surfactants, etc. (Sunamoto et al., 1984). Due to these characteristics, liposomes have been studied as drug carriers for
targeting drugs in the body after injection. As described in
the introduction of this manuscript, liposomal injections
of anticancer agents have been developed as commercial
products. Liposomes have also been studied as drug carriers to avoid a barrier for entry into the body. Research
aimed at gastrointestinal absorption of insulin is a typical
example of the latter type of application, and has been
studied by multiple research groups since the mid-1970s
(Patel and Ryman, 1976; Dapergolas and Gregoriadis,
1976). However, the usefulness of liposomal formulations
for the enteral absorption of insulin has not been confirmed
(Pateland Ryman, 1981; Shenfield and Hill, 1982).
We have been conducting studies with a goal of imparting various pharmaceutical functions by controlling the
surface properties of liposome particles. Fig. 18 shows
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Fig. 18 Schematic presentation of typical polymer-coated liposomes.
(a) chitosan-coated liposome (CS Lip) (b) PVA-R coated liposome.

two typical polymer-coated liposomes designed for this
purpose. One is a comb-shaped coating formed by penetrating a hydrophobic moiety chemically bonded to a
water-soluble polymer into a liposome lipid bilayer (the
anchor ring method), and the other is a coating created by
the electrical interaction between a charged liposome surface and a polymer having the opposite charge. Regarding
the former, surface modification was demonstrated using a
polymer, PVA-R, in which an alkyl group was introduced
at the end of polyvinyl alcohol (PVA). The formation of the
thick polymer layer was confirmed by measuring the zeta
potential of the liposomes treated with several polymers
under different polymer concentrations (Fig. 19). The zeta
potential of the negatively charged liposomes became
neutral when the polymer concentration was increased.
Compared with the liposomes that physically absorbed
PVA, the stabilizing effect of the PVA-R-coated liposomes
was excellent due to their three-dimensional coating layer
(Takeuchi et al., 1994; 1998).
PEGylated liposomes prepared by formulating polyethylene glycol conjugated phospholipids have been studied
extensively as targeting carriers for the anticancer drug
doxorubicin and commercial products for clinical use are
now available (Senior, 1987; Allen et al., 1989; 1991;
Papahadjopoulos et al., 1991). PVA-R-coated liposomes
were found to have a similar function to PEGylated liposomes, such as improving blood retention after intravenous
injection to deliver a drug effectively to cancer tissues in
rats (Takeuchi et al., 1999a; 1999b; 2000a; 2001a,b,c).
PEG liposomes form a polymer layer on the surface prepared by formulating PEG conjugated phospholipids as a
liposomal component, whereas the polymer layer of PVAR-coated liposomes is able to be formed after preparation
of drug loaded liposomes.

Fig. 19 Zeta potential of liposomes coated with various polymers in
phosphate buffer solution (pH 7.4).
Lipid composition of liposomes is DPPC:DCP = 8:2.
PVA-R and PAA-R are the PVA (polyvinyl alcohol) and PAA (poly
acrylic acid) modified with hydrophobic moiety (R) in the molecules as
shown in Fig. 18 (b).
Chitosan: degree of deacetylation = 85 %, molecular weight
= ca.150,000.
PVA: degree of polymerization of PVA = 480. PAA: molecular weight
of PAA = 250,000.

5.2 Mucoadhesive liposomes for oral
administration of peptide drugs
In order to improve the efficiency of gastrointestinal
absorption, it is conceivable to prolong the residence time
of the drug or the carrier containing the drug after oral
administration. This concept was discussed for potential
application to conventional dosage forms such as tablets or
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granules in the 1980s (Guputa et al., 1990). In order to use
liposomes as a carrier for oral insulin administration, we
considered improving the retention of liposomal particles
in the intestinal tract by allowing their interaction with the
mucin layer on the inner surface of the digestive tract.
Polymer-coated liposome particles having a mucoadhesive function were prepared using chitosan (CS), which is
prepared by deacetylating chitin and are reported to interact
with mucin when used as a topical dosage form (Nagai,
1985). The mucoadhesive property of polymer-coated lipo
somes was evaluated by using intestinal tubes separated
from rats. In this test, the number of liposomal particles
withdrawn from the liposomal suspension in the tube was
calculated by using a Coulter counter before and after incubation. The extent of adhesion to the mucous layer in the
intestinal tube was expressed by the following equation.
Adhesive(%)


N 0  N15
 100
N0

(3)

were, N0 is the initial number of liposomal particles and
N15 is the number of liposomal particles 15 min after in(3)
cubation.
As shown in Fig. 20, the highest adhesion property of
CS-coated liposome (CS-Lip) was confirmed in this in
vitro test (Takeuchi et al., 1994). The affinity of CS-Lip
to the mucosa is presumed to be due to the electrostatic
interaction between the positive charge of the amino
group of CS and the negative charge of mucin, which is
a mucosal component. The physical interaction due to the
entanglement of both polymers is also responsible for this
adhesion. The latter interaction was supported by the fact

Fig. 20 Adhesive % of polymer-coated liposomes to rat intestine
evaluated with the particle counting method.
Lipid composition: DPPC:DCP = 8:2. Polymer concentration: 0.75 %.
Dispersion medium: phosphate buffer solution (pH 7.4).
Properties of polymers used for coating liposomes are shown in Fig. 19.
The results are expressed as mean ± sd of three experiments.
Significantly different from the value for noncoated liposomes at
p < 0.01 (**) and p < 0.05 (*).
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that negatively charged acrylic acid polymer (PAA)-coated
liposomes also showed the mucosal adhesion properties. It
is believed that the acid polymer (PAA)-coated liposomes
also showed the mucosal adhesion properties. It is believed
that the negative charge of PAA extends linearly without
shrinking the polymer and works effectively for entanglement with mucin.
CS-Lip encapsulating insulin was orally administered
in rats, and the blood glucose levels were measured to
evaluate their effectiveness in enteral absorption. A significant decrease in the blood glucose level was observed
after administration of CS-Lip, confirming the enteral
absorption of insulin. The significant decrease in value was
maintained up to 12 hours, suggesting the retention of the
liposomal carrier in the intestinal tract due to the mucosal
adhesion property (Fig. 21) (Takeuchi et al., 1996). The
importance of the CS layer for mucosal adhesion and resultant insulin absorption was revealed by the fact that no
significant effect was observed under the same conditions
when liposomes having a positive charge were used as a
carrier. The usefulness of polymer-coated liposomes for
the oral administration of peptide drugs was confirmed
by using another model peptide drug, calcitonin. A single
administration of calcitonin encapsulated in CS-Lip lead
to a decrease in the blood calcium concentration in rats for
a long period of time (Fig. 22) (Takeuchi et al., 2003a).
It was also clarified that the particle size is an important
factor for drug absorption (pharmacological effect) with
mucoadhesive liposomes, because the absorption increased
remarkably when the particle size was decreased to submicron size. Since these differences were considered to be
related to the behavior of liposomes in the gastrointestinal
tract, the intestinal tube was taken out after administration
of several types of liposomes containing a lipophilic fluorescent marker in rats and its cross section was observed

Fig. 21 Change in serum glucose level (%) after oral administration of
insulin (24 IU/rat) with the non-coated and polymer-coated liposomes.
Each value represents the mean.SE of four or five rats.;
* : p < 0.05, ** : p < 0.01. Lipid composition: PPC:DCP = 8:2.
Polymer concentration: 0.75 %
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with a confocal laser scanning microscope. It was confirmed that the CS-Lip had a longer residence time in the
intestinal tract compared with the uncoated liposomes, and

Fig. 22 Profiles of plasma calcium levels after intragastric administration of sub-micron sized liposomes (ssLip) and sub-micron sized
chitosan coated liposomes (ssCS-Lip) containing calcitonin.
The measured mean particles sizes of ssLip and ssCS-Lip are 196.4 nm
and 473.4 nm, respectively. The formulation of liposomes is DSPC:
DCP:Chol. = 8:2:1. The concentration of chitosan for coating is 0.3 %.
* p < 0.05, ** p < 0.01, *** p < 0.001: significantly different from the
level for calcitonin solution; † p < 0.05, †† p < 0.01: significantly different
from the level for ssLip (n = 3 in each case).

they adhered more to the upper part of the intestinal tract
(Fig. 23(A), (B)). By reducing the particle size of CS-Lip
to the submicron size, the number of liposomes retained
in the intestinal tube was considerably increased, and the
liposomal particles were observed to be penetrated into
the mucosa over time (Fig. 23(C)) (Takeuchi et al., 2001d;
2005a). It was also confirmed that CS in the CS-Lip moved
in the digestive tract together with liposomal particles
(Thongborisute et al., 2006).
Following the demonstration of the usefulness of
liposomes with mucosal adhesion properties for the oral
administration of peptide drugs, studies on the characterization of the mucoadhesive properties of polymers were
carried out to understand the mucoadhesive mechanism.
Novel methods for evaluating mucoadhesive properties of
polymers in vitro were also developed. The methods include a simple mucin particles method and Biacoa method
for quantitative evaluation (Takeuchi et al., 2005c). In the
latter method, an interaction analyzer, Biacoa, based on
surface plasmon resonance is used to try to evaluate the
mucoadhesive property. We also tried to improve the mucosal adhesive property of polymers themselves by partly
modifying the molecules or conjugation of different types
of polymers. One of examples is chitosan-aprotinin (Werle
et al., 2009a; 2009b). Carbopol is a commercial product of
polyacrylic acid, whose mucoadhesive property has been

Fig. 23 Confocal laser scanning micrographs of various parts of intestinal tract at 120 min after intragastrical administration of (A) Lip (MLVs), (B)
CS-Lip (MLVs), (C) ssCS-Lip in rats and a schematical picture the rat intestinal sample for measuring the CLSM photos.
Lipid formulation of liposomes: DSPC:DCP:Chol. = 8:2:1. Mean particle size of liposomes: (A) 7.56 μm, (B) 3.58 μm, (C) 281.2 nm.
MLVs: multilamellar vehicles. CLSM: Confocal Laser Scanning Microscope.
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reported. The mucoadhesive property of Carbopol was
found to be improved by conjugating with lectin or WGA
(wheat germ agglutinin) (Werle et al., 2010; Makhlof et al.,
2011a). It was also confirmed that simultaneous encapsulation of water-soluble absorption enhancers into liposomal
carriers greatly improved the absorption of calcitonin
(Makhlof et al., 2011b). With respect to the absorption
control with these liposomal carriers, the mucoadhesive
functions of CS-Lips were demonstrated to render them
effective as carriers for a small molecule, indomethacin,
by measuring the actual absorption amount (Sugihara et
al., 2012). Recently, we also confirmed the delivery of a
model hydrophilic macromolecule, dextran labeled with
fluorescein isothiocyanate (FITC), with an average molecular weight of ca. 4000 daltons (FD-4) or more, to systemic
blood flow by absorption in the digestive tract after oral
administration with liposomal formulations. The absorption amount was greatly increased by very small when a
FD-4 solution was administered. The amount of absorption
was greatly increased by simultaneously encapsulating an
absorption enhancer, spermine (Fig. 24). The simultaneous
administration of spermine dissolved in a FD-4 solution
had almost no effect on the absorption, indicating that it is
important for the absorption enhancer to be delivered to the
absorption site in the gastrointestinal tract together with the
absorbed macromolecular drug. These absorption data are
well consistent with the pharmacological data shown above
in this section.
Comprehensively considering the behavior of liposome
particles in the gastrointestinal tract and absorption experiments, the absorption of peptide drugs in the gastro-

Fig. 25
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intestinal tract by muco-adhesive micronized liposomes
represented by submicron-sized CS-Lip (ssCS-Lip) can
be represented schematically as shown in Fig. 25. As
predicted at the beginning of the study, the mucous membrane (mucosa) presents a large barrier to the absorption of
macromolecular drugs in the gastrointestinal tract. CS-Lips
interact with and retain the mucous layer on the epithelial
cell in the flow of the intestinal tract and penetrate more
deeply if the particles are small enough. We speculate that
some of the particles are taken up by mucosal epithelial
cells as they are. Considering that the absorption enhancer
that was administered simultaneously with the particles

Fig. 24 Plasma FD-4 concentration profiles for 6 hours after oral
administration of several liposomal formulations containing FD-4 and
FD-4 solution in rats.
FD-4: FITC-dextran, with an average molecular weight of ca. 4000
daltons. SPM: spermine. Dose of FD-4 is 32 mg/kg. n = 4–5, ** p < 0.01
and *p < 0.1 compared with CS Lip.

Possible mechanism of absorption of peptide drug entrapped in CS-Lips in the intestinal tube after oral administration.
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worked effectively, it can be inferred that some macromolecular drugs are released in the mucous layer and permeate
tight junctions from there.

5.3 Transpulmonary administration of liposomal
drugs
Inhalation systems can be a useful drug delivery method
for both topical and systemic administration of drugs.
Several types of research have been conducted on such
administration systems, because particle design including
nanoparticle engineering and characterization is important
to achieve the most efficient drug delivery (Johnson et al.,
2020; Price et al., 2019). Kawashima et al. have also tried
to prepare suitable drug crystals and their formulations for
dry powder inhalation systems (Kawashima et al., 1998a;
1998b). In terms of peptide drug administration, the lung
is highly expected to be a suitable site for systemic administration of drugs. In fact, Exubera® and Afrezza® have
been developed and marketed as powdered inhaled insulin
preparations. On the other hand, the lungs can be affected
by intractable diseases such as lung cancer and chronic
obstructive pulmonary disease, and research on new drug
treatments such as nucleic acid drugs is progressing. In
such cases, it is highly expected that the development of a
suitable delivery system such as liposomes will be utilized
as a topical dosage form.
In comparing pulmonary administration with oral administration, the lungs are a closed system and there
are few degrading enzymes, so it is expected that pulmonary administration of peptide drugs will lead to
absorption. When calcitonin solution and various types of
polymer-coated liposomes encapsulating calcitonin were
administered intrapulmonarily, the effect of the coating
polymer on drug absorption was found to be different from
that in oral administration, as shown in Fig. 26 (Murata et
al., 2012). There was a difference in the degree, with the
highest absorption-enhancing effect being observed for the
PVA-R-coated liposomes. We conjectured that the PVA-Rcoated liposomes showed the highest absorption because
the PVA coating on the liposome avoided phagocytosis
by alveolar macrophages and increased the retention time
(Nakano et al., 2008). This idea was proved by measuring
the retention of these polymer-coated liposomes. In fact,
when we evaluated the retention of CS-Lips and PVA-Rcoated liposomes in the lungs, we found that a large number
of CS-Lips remained in the lung tissue and a large number
of PVA-R-coated liposomes remained in the bronchoalveolar lavage fluid (BALF). The finding that the retention of
PVA-R-coated liposomes was extended after pulmonary
administration was further confirmed by a non-invasive
method using an in vivo imaging system and a fluorescence
marker, indocyanine green (Murata et al., 2014). In the case
of PVA-R, the drug encapsulated in liposomes remained for

Fig. 26 Blood calcium concentration after intratracheal administration of calcitonin with polymer coated liposomes.
Experimental conditions
Animal Male Wistar rats (6 weeks), n = 4
Route
Intratracheal administration
Dose
125 IU/kg
Analysis Calcium E-test Wako

a longer period of time and then was gradually released into
the lungs, which lead to a sustained efficacy. In the case
of transpulmonary administration, a trial using the model
polymer drug FITC-Dextran confirmed that the absorption
actually occurs at the higher level than by oral administration. We have recently confirmed that FITC-Dextran (FD4), which has an average molecular weight of 4000, was
absorbed even when administered as an aqueous solution.

5.4 Drug delivery to the posterior segment of the
eye with liposomes
As a clearer example of the role of drug delivery systems
in the local administration of drugs, we attempted to deliver
a drug to the posterior segment of the eye by an instillation
centered on the retina. In recent years, with the rapid aging of the population in Japan, the incidence of posterior
ocular diseases such as glaucoma, diabetic retinopathy,
age-related macular degeneration (AMD), and retinitis
pigmentosa has rapidly increased, such that new and more
effective drug therapies are needed. VGF, a growth factor,
is known to have an important role in cell generation.
An anti-VEGF (vascular endothelial growth factor) that
suppresses the generation of new, edema-induced blood
vessels appearing near the macula of the retina with high
probability has been developed. However, its delivery is
generally limited to invasive intravitreal injections. However, eye drops containing the anti-VGEF antibody and
exerting suitable anti-inflammatory and antioxidant effects
are also available, and if these drops could be reliably
delivered to the posterior segment of the eye, they could
potentially be used to treat the above-named diseases.
For the purpose of evaluating the transfer of liposome
particles into the posterior segment of the eye after
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Fig. 27

Delivery of coumarin-6 with liposome to posterior part of eye confirmed by fluorescence microscopy observation.

instillation, a liposome suspension containing coumarin-6
as a fluorescent marker was instilled in mice, and the retina
was observed with fluorescent microscopy. In the case of
submicron-sized liposomal particles, the observation of the
coumarin-6 color was used to confirm that the particles had
reached their target (Fig. 27) (Hironaka et al., 2009). To
confirm that the size of the particles affected their ability to
move to the posterior part of the eye, a similar evaluation
was performed by using liposomal particles having different particle sizes ranging from the micron order to 100 nm.
The results showed that the smaller the particle size, the
better the delivery efficiency (Inokuchi et al., 2010). Since
not only particle size but also the lipid composition was
found to affect the ability to reach the target, the hardness
of the liposome particles was also one of the factors.
To confirm the clinical effects of liposomal carriers in
eye drop instillation, we tried to conduct animal experiments as a joint research project with a laboratory equipped
for ophthalmic evaluation. When liposomes encapsulating
edaravone, a free radical scavenger, were instilled into
a model mouse before light irradiation to induce retinal
photodamage, the liposomal formulation was confirmed
to be effective at preventing the subsequent photodamage (Hironaka et al., 2011). It was also clarified that
diclofenac, which is one of the NSAIDs (nonsteroidal antiinflammatory drugs), can suppress choroidal neovascularization due to retinal photodamage in mice when instilled
as a drug encapsulated in liposomes (Fujisawa et al., 2012;
Shimazawa et al., 2017). In either case, such a pharmaceutical effect in the retinal area was not observed when the
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solutions dissolving these drugs were instilled under the
same conditions for comparison, and it could be judged
that the drug could be delivered to the vicinity of the retina
by the liposomal eye drop preparation. A newly developed
macromolecular API was also applied to this liposomal
system and confirmed to achieve a higher pharmacological
effect in mice (Taketani et al., 2016).
As with oral and transpulmonary administration, an
increase in the amount or duration in drug delivering by
polymer-coated liposomes was also investigated. PolyL-lysine (PLL) and polyarginine (PLA), which have
been reported to have affinity for cells, were tested as
coating polymers, and the delivery efficiency of these
polymer-coated liposomes to the posterior segment of the
eye was assessed (Sasaki et al., 2013). The results showed
that the larger the molecular weight of the polymer, the
greater the effect. However, the efficiency decreased owing
to the aggregation of liposomes if the molecular weight of
the polymer was too large. Thus, an optimum molecular
weight existed, and this weight was determined to be
15,000 daltons in the case of PLL. Active targeting with
polymer-coated liposomes has been tested in this ophthalmic liposomal system. One of the targets is folic acid
receptors, and an enhancement in delivering efficiency has
been observed by modifying the surface of liposomes with
folic acid. The delivery of macromolecules to the posterior
part of the eye has also been attempted by using FITCdextran as a drug model, and the feasibility of this approach
was confirmed. Based on this finding, it is expected that
macromolecular APIs such as siRNA and Bonac nucleic
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acid can also be delivered to the posterior segment of the
eye. Further research is ongoing.

6. Conclusion
Research on formulation design and dosage form design
for drug delivery were described in this review. Regarding
the design of solid dosage forms, the particle design of
drug crystals and several excipients have important roles
for the objective functions of the resultant dosage forms. It
is important to image the objective functions expected by
patients as a final goal of research. Regarding the delivery
of macromolecular drugs, colloidal drug carriers have
important roles, and the concept of particle design is also
important even for these colloidal particles. The suitable
design of submicron-sized particles such as polymercoated liposomes not only improves the efficiency in drug
delivery as a drug-targeting tool but also leads to the development of new drug delivery methods such as the oral
administration of peptide drugs. As briefly discussed in
this paper, it is necessary for pharmaceutical researchers to
account for the actual needs of patients as well as the needs
of the researchers and medical personnel. It is expected
that several types of particle design research for a variety
of pharmaceutical materials will contribute to the design of
truly patient-friendly dosage forms to solve various issues
related to the unmet needs of patients.
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Abstract
While the formulation of pharmaceuticals as liquids is common practice, powders are associated with enhanced
stability, avoidance of the cold chain, lower dosing requirements, and more convenient administration. These
are particularly critical for proteins, as they are expensive and complicated to manufacture. Powders also have
improved aerosol properties for pulmonary delivery. Conventional techniques for formulating powders include
spray-drying, shelf freeze-drying, spray freeze-drying, and spray freezing into liquid, but they produce powders
with poor aerosol performance and/or activity due to suboptimal powder properties. Thin-film freezing (TFF)
is a new cryogenic technique that can engineer highly porous, brittle, powder matrices with excellent aerosol
performance properties and stability. Herein, we describe TFF in comparison to other cryogenic techniques.
Physical properties of TFF powders such as morphology, moisture sorption, stability, solubility, and dissolution,
as well as aerosol properties are discussed. In addition, factors that significantly affect the physical and aerosol
properties of dry powders prepared by TFF, such as solids content, drug loading, solvent system, excipient, and dry
powder delivery device, are analyzed. Finally, we provide evidence supporting the applicability of using TFF to
prepare dry powder formulations of protein-based pharmaceuticals, enabling their cold chain-free storage as well
as efficient pulmonary delivery.
Keywords: thin-film freezing, dry powder, cryogenic technique, protein, pulmonary delivery

1. Introduction
Therapeutics intended for pulmonary delivery via inhalation are supplied as liquids or powders. While a majority
of them are developed as liquids, the preparation of drugs
into powders affords several benefits, particularly for
proteins and other biologics. Pharmaceutical dry powders
are generally associated with enhanced stability, avoidance
of the cold chain, improved aerosol properties, lower
dosing requirements, and more convenient administration
(Johnson, 1997). In particular, expensive biologics can
benefit from being prepared as powders, as the dry powder state typically extends the shelf life of biologics and
reduces the cost burden of their transportation and storage.
Spray-drying (SD) and conventional shelf freeze-drying
(shelf FD), as well as spray freeze-drying (SFD) and spray
freezing into liquid (SFL) are techniques commonly em†
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ployed to prepare powders. Unfortunately, in the context of
biologics, all techniques cause aggregation, denaturation,
and/or loss of activity of the biologics to some degree. In
addition, these methods produce powders with low surface
area, low yield, and/or a broad particle size distribution
(Engstrom et al., 2008), which are not ideal for pulmonary
delivery by inhalation, particularly of biologics.
Previously, we reported thin-film freezing (TFF) technology for pharmaceutical applications that can be applied
to generate highly porous, brittle, powder matrices with
excellent aerosol performance properties (Overhoff et al.,
2007a). The resultant dry powder, upon sublimation of
the solvent in the frozen thin films, is ideal for pulmonary
delivery by inhalation. We have validated that the TFF
technology is directly applicable to inhaled delivery of various small and large molecules including proteins, such as
cytokines, enzymes (Engstrom et al., 2008), and more recently, antibodies. Currently, many therapeutics, including
most biologics, for pulmonary delivery are administered
by nebulization of a liquid. Unfortunately, nebulization
exposes therapeutics, especially biologics such as proteins,
to stressful conditions that can damage them from shear or
elevated temperatures applied during delivery. In addition
to the aforementioned limitations of liquids, the solution

Copyright © 2022 The Authors. Published by Hosokawa Powder Technology Foundation. This is an open access
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for nebulization may contain excipients that are harmful
to the lungs. An alternative to nebulization of a liquid is
administration by dry powder inhalation, which addresses
many of the limitations of nebulization. While some powders are already approved by the US FDA for inhalation,
powders produced by TFF technology can minimize the
flow-rate dependence of dry powder inhalers (DPIs), use of
carriers (Ung et al., 2014), aggregation, denaturation, and
size distribution issues of molecules while improving the
surface area and yield. Overall, TFF offers an opportunity
to improve powder properties and thus aerosol performance and therapeutic efficacy of therapeutics, which can
be applied to biologics.
Biologic drugs continue to exist as a large proportion of
FDA-approved products, with 25 % of all new chemical
entities that were FDA-approved from 2015–2019 being
biologics (de la Torre and Albericio, 2020). Additionally,
biologics can be approved as biosimilars. Biologics are
particularly challenging to formulate due to their large molecular size and sensitive nature. Unlike small molecules,
biologics (e.g., proteins) must maintain primary, secondary,
tertiary, and quaternary structures. They are expensive to
produce and pulmonary delivery may minimize the required dose, and therefore cost, while still assuring efficacy
and minimizing systemic toxicity, especially when they are
delivered locally to the lung to treat pulmonary disease. For
example, systemic delivery of antibodies, one of the largest
and most complex biologics, overall carries a risk of side
effects such as cytokine release syndrome (Guilleminault et
al., 2014). Alternatively, inhaled antibodies are poorly systemically absorbed from the respiratory tract, providing an
opportunity for local delivery to the lungs (Guilleminault
et al., 2014). Of the thirty biologics that have undergone
clinical trials for pulmonary delivery, only five have been
delivered as a powder (Liang et al., 2020). Development
of biologic formulations for pulmonary delivery has been
reviewed in detail (Fröhlich and Salar-Behzadi, 2021;
Liang et al., 2020). Herein we describe the development
of the TFF technology, the process of TFF, and the general
characteristics of powders prepared using TFF. Then, we
discuss our experience in applying this technique to formulate protein dry powders for pulmonary delivery.

2. Thin-film freezing: the technique
2.1 The progression of cryogenic process
development
Several techniques have been developed or transitioned
from other industries and applied to pharmaceuticals,
including SD, SFD, SFL, shelf FD, and TFF, in order to
prepare powders. The latter four (i.e., SFD, SFL, shelf FD,
and TFF) are considered cryogenic techniques and have

the added benefit of avoidance of heat, which can directly
and indirectly (e.g., evaporation of water) lead to denaturation or degradation of proteins (Overhoff et al., 2009). In
cryogenic techniques, a liquid sample is frozen through the
use of a cryogen and then lyophilized to remove the frozen
solvent via sublimation.
Lyophilization alone, or shelf FD, is generally not
sufficient to produce stable particles with high surface
area (Engstrom et al., 2008) and submicron particle sizes,
which are both necessary for optimal aerosol performance.
Shelf FD involves placing the liquid formulation inside
a lyophilizer, allowing the liquid to freeze as the shelf
temperature is reduced, typically to around –40 °C to
–55 °C. Afterwards, the pressure is reduced, sublimating
the solvent until a powder is formed. In this method, the
cooling rate is slow, around 0.017 K/s, which allows time
for protein particles to grow, and achieving particles with a
diameter less than a few microns and surface area greater
than 1 m2/g is difficult (Engstrom et al., 2008). The powder
generated can be milled to improve the particle size and
surface area, but this can be mechanically stressful for proteins and lead to heterogeneous particle sizes with limited
yield. Therefore, the alternative processes SFD, SFL, and
TFF have been utilized.
SFD involves spraying a liquid formulation into the gaseous vapor phase of a liquid cryogen. The cooling rate of
SFD is high, about 106 K/s. Unfortunately, SFD has a large
gas-liquid interface and shear stress, which can contribute
significantly to protein aggregation (Engstrom et al., 2008).
This technique produces porous powders with high surface
area; however, the particle size is large (Overhoff et al.,
2009). A benefit of SFD is that different atomization nozzles and spray rates can be chosen to optimize the droplet
shape and size (Overhoff et al., 2009).
In order to minimize the gas-liquid interfacial area, the
liquid formulation can be sprayed directly into the liquid
cryogen, known as SFL. While the freezing rate is slower
than that of SFD, about 103 K/s, SFL still adequately
arrests the growth of crystals and has produced protein
powders with less adsorption, aggregation, denaturation,
and higher enzymatic activity than those prepared using
SFD (Engstrom et al., 2008). SFL produces powders with
improved activity compared to SFD and shelf FD powders
due to the lower air-liquid interfacial area, slower cooling
rate, and lower (but still adequately high) surface area.
Generally, the slower cooling rate results in a lower surface
area, which induces a lower chance of water adsorption,
improving stability (Overhoff et al., 2009).
TFF was developed to find a cooling/freeze rate and
surface area intermediate to that of shelf FD vs. SFD and
SFL. In TFF, the liquid cryogen is filled in a rotating metal
drum and a solution or suspension is dropped dropwise
from above the drum, where the droplets (e.g., 2–4 mm
in diameter) spread upon impact to form thin films
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(~10–12 mm in diameter) that freeze at 102–103 K/s. A
metal blade then releases the frozen films from the drum as
it rotates, and the films are collected in a cryogen-cooled
receptacle situated below the blade/drum. The frozen films
are then transferred to a lyophilizer for solvent removal
by sublimation. TFF is less complex than SFD and SFL
because the liquid cryogen used to cool the metal drum
does not need to be sterile and the cooling rate of TFF
can be more easily controlled (Engstrom et al., 2008).
Furthermore, spray characteristics in SFD or SFL are more
complicated to control than drop characteristics during
TFF. TFF allows for the processing of more concentrated,
viscous protein solutions because they do not need to be
atomized. TFF has close to 100 % yield while that of SFD
is about 80 % (Engstrom et al., 2008). Powders produced
by TFF follow a similar surface area and stability trend as
SFL powders due to their similar cooling rates and relatively low air-liquid interface (Engstrom et al., 2008). TFF
is a promising technique for the formulation of biologics
as powders.

2.2 Modeling the TFF process
The cooling rate of cryogenic techniques is one of
the main parameters that contributes to the final powder
characteristics. As water freezes, liquid channels are
formed between frozen molecules, with thinner channels
minimizing collisions between particles (e.g., proteins),
therefore preventing particle growth. During freezing, the
viscosity of these channels increases, also contributing to
slowed particle growth. If sugars are included as carriers,
the viscosity will be further increased (Engstrom et al.,
2008). Generally speaking, the slower the cooling rate, the
fewer the nucleated ice domains, leading to thicker channels and more collisions and protein aggregation. A slower
cooling rate also leads to phase separation, which can cause
crystallization of the active ingredient (Overhoff et al.,
2009). However, there is a point at which loss of protein
activity can be attributed to a fast cooling rate (Overhoff
et al., 2009). Therefore, an intermediate cooling rate is
favorable. The rate of cooling in SFD, SFL, and TFF was
measured for comparison, showing that compared to SFD

Fig. 1
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and SFL, TFF had a slower rate of cooling (i.e., 2 × 102 K/s
vs 3.8 × 106 and 7.2 × 103 for SFD and SFL, respectively)
(Engstrom et al., 2008). These are all considerably faster
than that of shelf FD (~1.7 × 10–2 K/s) (Engstrom et al.,
2008). The large difference between SFD and TFF cooling
rates has been explained by a two-orders-of-magnitude
smaller surface area/volume ratio and 20–30 times larger
film thickness of TFF compared to SFD. TFF has a slower
cooling rate than SFD and SFL but the cooling rate is sufficiently high to prevent or minimize particle growth. TFF
and its intermediate freezing rate may be one of the keys
to its optimal powder properties. The solute or suspension
concentration and processing temperature are additional
variables to consider in the context of cooling rate. A high
cooling rate coupled with a supersaturated solute leads to
a larger number of smaller and more uniform nuclei that
are tightly packed, which helps to limit crystal growth. A
lower processing temperature in TFF can lead to a higher
degree of supercooling, therefore a larger number of
nuclei (Engstrom et al., 2007). The higher degree of supercooling and the larger number of nuclei prevent particle
growth during the freezing process, generating smaller ice
channels. As shown in Fig. 1, smaller ice channels were
produced when a lysozyme/mannitol (50:50 w/w) powder
(TFF MAN/lysozyme (50:50 w/w)) was manufactured at
a lower temperature of –100 °C as compared to at –50 °C.
Crystalline TFF voriconazole (VCZ) nanoaggregates with
smaller nanoparticle size were also generated by processing at a lower temperature than at a higher temperature
(Moon et al., 2019a). In contrast, amorphous TFF tacrolimus brittle matrix powder (TFF TAC) showed larger
nanoaggregate structures when the processing temperature
was lower (–70 °C versus –130 °C), potentially due to the
lack of droplet spreading and higher contact angle at the
lower temperature (Sahakijpijarn et al., 2020b).
Engstrom et al. compared the specific surface area (SSA)
of lysozyme powders prepared by SFD, SFL, and TFF.
At the same lysozyme concentration, the SFD powder
exhibited the highest SSA, while the TFF powder had the
lowest SSA (Table 1) (Engstrom et al., 2008). The high
SSA of the SFD powder is related to the extremely rapid
cooling rate of SFD. The higher cooling rate results in more

Representative SEM images of TFF MAN/lysozyme (50:50 w/w) processed at (a) –50 °C or (b) –100 °C.
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Table 1 Specific surface area (SSA) and bulk density of processed and unprocessed drug powders.

Formulation

Process

Specific
surface area
(m 2/g)

Bulk
density
(g/mL)

Reference

Tacrolimus unprocessed powder

Unprocessed

0.53

—

(Sinswat et al., 2008)

Tacrolimus

TFF (–70 °C)

42.22 ± 3.02

—

(Sahakijpijarn et al., 2020b)

Tacrolimus/lactose (50:50 w/w)

TFF (–70 °C)

143.13 ± 0.60

—

(Sahakijpijarn et al., 2020b)

Tacrolimus/lactose (95:5 w/w)

TFF (–70 °C)

73.58 ± 5.14

—

(Sahakijpijarn et al., 2020b)

Tacrolimus/mannitol (95:5 w/w)

TFF (–70 °C)

55.79 ± 6.49

—

(Sahakijpijarn et al., 2020b)

Tacrolimus/trehalose (95:5 w/w)

TFF (–70 °C)

57.16 ± 1.96

—

(Sahakijpijarn et al., 2020b)

Itraconazole unprocessed powder

Unprocessed

4.22

—

(Overhoff et al., 2007b)

Itraconazole/hydroxypropyl methylcellulose
phthalate (HP55) (1:4 w/w), 2 %w/v

TFF (–60 °C)

19.1

—

(Overhoff et al., 2007b)

Itraconazole/hydroxypropyl methylcellulose
phthalate (HP55) (4:1 w/w), 2 % w/v

TFF (–60 °C)

54.2

—

(Overhoff et al., 2007b)

Itraconazole/hydroxypropyl methylcellulose
phthalate (HP55) (1:4 w/w), 0.2 % w/v

TFF (–60 °C)

61.8

—

(Overhoff et al., 2007b)

Itraconazole/hydroxypropyl methylcellulose
phthalate (HP55) (4: w/w), 0.2 % w/v

TFF (–60 °C)

57.4

—

(Overhoff et al., 2007b)

Voriconazole unprocessed powder

Unprocessed

0.53 ± 0.08

7.86

(Beinborn et al., 2012a)

Micronized voriconazole

Micronization

3.46 ± 0.02

1.20

(Beinborn et al., 2012a)

Voriconazole

TFF (–40 °C)

9.38 ± 3.25

0.45

(Beinborn et al., 2012a)

Voriconazole/mannitol (50:50 w/w)

TFF (–70 °C)

16.3

—

(Moon et al., 2019b)

Voriconazole/PVP K25 (1:3 w/w)

TFF (–40 °C)

43.35 ± 5.67

0.05

(Beinborn et al., 2012a)

Physical mixture of Danazol/povidone K15
(1:2 w/w)

Unprocessed

0.69

—

(Overhoff et al., 2007a)

Danazol/povidone K15 (1:2 w/w)

TFF (–70 °C)

25.93

—

(Overhoff et al., 2007a)

Lysozyme 50 mg/mL

TFF (–100 °C)

31 ± 0.1

—

(Engstrom et al., 2008)

Lysozyme 50 mg/mL

SFL

34 ± 2

—

(Engstrom et al., 2008)

Lysozyme 50 mg/mL

SFD

126 ± 5

—

(Engstrom et al., 2008)

Lysozyme 5 mg/mL

TFF (–100 °C)

73 ± 0.8

—

(Engstrom et al., 2008)

Lysozyme 5 mg/mL

SFL

114 ± 11

—

(Engstrom et al., 2008)

Lysozyme 5 mg/mL

Shelf FD

4.4 ± 0.2

—

(Engstrom et al., 2008)

rapid nucleation and particle growth prevention during
freezing. Although TFF produces particles with lower
SSA compared to SFD and SFL, the cooling rate of TFF
is high enough to prevent particle growth and induce rapid
nucleation, thereby still forming particles with relatively
high SSA (e.g., 31–73 m2/g), especially when compared to
shelf FD (e.g., 4.4 m2/g) (Table 1, Engstrom et al., 2008).
While the cooling rate can affect the SSA to a degree, SFL
and SFD have produced lysozyme powders with similar
SSAs > 100 m2/g despite having cooling rates that differ
by three orders of magnitude (Engstrom et al., 2007;
2008). The cooling rate had a higher impact on the particle

size, as shown by SFL’s larger particle size compared to
SFD, particularly noticeable in high protein concentration
situations (i.e., 50 mg/mL) (Engstrom et al., 2008). Even
though TFF had a lower cooling rate, increasing the protein
concentration could supersede the cooling rate’s impact on
the particle size, as TFF powders also had a large particle
size at high concentrations. However, at a lower, more relevant protein concentration (i.e., 5 mg/mL), TFF allowed
for thinner unfrozen channels with high viscosity, leading
to a small particle size.
For TFF, the ability of the droplets to spread upon impact
and form films influences the cooling rate, with the droplet
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spreading time being shorter than the freezing time. Generally, the film thickness is on the scale of 200–400 μm and
the diameter is around 10–12 mm (Engstrom et al., 2008).
Because the thickness is substantially smaller than the
diameter, the radial heat transfer is negligible and the heat
transfer is considered to be one-dimensional (Engstrom
et al., 2008). Under the assumption of constant thermal
diffusivity, the heat transfer can be calculated using the
thickness of the film, the temperature of the film, the processing temperature of the drum, and the distance from the
top of the spread droplet (Engstrom et al., 2008). Using the
heat transfer, the cooling rate can be determined. At 223 K,
a 220 μm thick film cooled in 2 × 102 ms with a cooling
rate of 3.9 × 102 K/s, for example (Engstrom et al., 2008).
Film diameter was proportional to the droplet diameter
and the processing temperature (Engstrom et al., 2008).
The processing temperature and parameters that affect
the droplet size (e.g., solvent system, drop diameter, drop
height) can be tailored for each application. As the processing temperature decreases, the droplet will freeze more
quickly, allowing less time for spreading into a film before
it becomes solid. While processing lactate dehydrogenase
(LDH) protein with TFF, an average film thicknesses
of 220 μm was formed at 223 K (–50 °C) and 320 μm
was formed at 133 K (–140 °C), respectively. The film
thickness was larger when the processing temperature was
lower. For comparison, when the small molecule synthetic
steroid danazol was prepared using TFF, the resultant
film thickness ranged from 100–400 μm (Engstrom et al.,
2008).
Infrared imaging was used to study the cooling of thin
films prepared from an LDH protein solution. When a film
was formed at 223 K, it had a diameter of 12 mm with a
smooth edge. The IR camera revealed that the cooling front
started at the edge of the film, moving inward. The film
came to thermal equilibrium at 1.6 s. When the same film
was processed at the lower temperature of 133 K, it had
a smaller diameter of 10 mm and a jagged edge, the protrusions of which experiencing the coldest temperatures.
In this case, after the cooling front moved inwards, it then
reversed direction, causing a longer time of 3 s to reach
thermal equilibration. While a low temperature is necessary to cause quick cooling, there is a limitation to how low
is favorable. While the edge of the film was thinner and
may cool at a different rate than the center of the film, this
difference had no impact on the morphology throughout the
film (Engstrom et al., 2008).
Thin films prepared by TFF demonstrated that the surface area/volume ratio decreased with an increasing droplet
diameter. Once frozen, this ratio was 31–46 cm–1. This is
substantially smaller than SFD or SFL (6000 and 600 cm–1,
respectively). Loss of protein functionality has been attributed to a high surface area/volume ratio. Alternatively,
SFL and TFF have a lower gas-liquid interfacial area than
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SFD and thus preserve protein functionality better due to
their ability to reduce protein adsorption to the interface
and thus aggregation (Engstrom et al., 2008).
Several variables describe the droplet spreading, including the density of the liquid (ρ), the impact velocity (V),
the droplet diameter (D), and the interfacial tension of the
droplet in air (γ). Together, these variables can be used to
mathematically describe the droplet spreading, or Weber
number (We), by Eqn (1):
We  =  ρV 2D/γ

(1)

When We is high (> 30), the droplets spread into a
cylindrical film, while when We is low (< 1), the droplets
undergo minimal spreading, and the droplets freeze as
a spherical dome. These variables can be optimized to a
degree: V can be controlled by the drop height, ρ can be
controlled through choice of excipients and concentration
of all components, and D can be controlled by the gauge of
needle through which the droplets are generated. Engstrom
et al. compared the typical drop height (H) of 10 cm to a
shorter H of 1 cm (Engstrom et al., 2008). When H was
10 cm, the resultant films were cylindrical and the We was
found to be 97, while an H of 1 cm yielded spherical domes
and the We was 9.8 (Engstrom et al., 2008). A low H also
reduced the film diameter (~4 mm) (Engstrom et al., 2008).
Overall, TFF is the optimal cryogenic technique due
to its low gas-liquid interfacial area, intermediate cooling
rate, sufficient surface area, small particle size, and controllable processing parameters such as temperature.

2.3 Characteristics of TFF powders
2.3.1 Particle morphology
Powder characteristics are generally described by their
particle size and the morphology of their nanostructures.
The particle size generally refers to the larger micron-ranged
structure that is important for adequate aerosolization and
lung deposition. The morphology of the nanostructures,
however, provides more detailed information about the
porosity, surface area, and freezing characteristics of the
powder. The particle morphology of powders prepared by
cryogenic bottom-up technologies (i.e., starting from drug
in solution or suspension) is generally porous. In many
cases, small molecule compounds are changed from crystalline to amorphous form after the TFF process, producing
a nanostructured brittle matrix (Sahakijpijarn et al., 2020a;
2020b). In the brittle matrix, there are nanoparticles interconnected and agglomerated together as nanostructured
aggregates (Fig. 2(a)) and are generally irregularly shaped
(Sahakijpijarn et al., 2020a). The brittle matrix structure is
not only observed in small molecule compounds, but also
in the case of biologics, such as lysozyme (Engstrom et al.,
2008). Figs. 2(b), 2(c), and 2(d) show the morphology of
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Fig. 2 Particle morphology of particles prepared by cryogenic methods. (a) TFF remdesivir with leucine (100 kx) (b) TFF lysozyme prepared at
–50 °C (60 kx), (c) SFL lysozyme (60 kx), (d) SFD lysozyme (60 kx), (e) TFF VCZ with MAN (20 kx), (f) TFF VCZ with PVP K25 (10 kx). Reprinted
with permission from (a) MDPI: Pharmaceutics (Sahakijpijarn et al., 2020a) (b) Springer Nature: Pharm. Res. (Engstrom et al., 2008) (c–d) Elsevier:
Eur. J. Pharm. Sci. (Yu et al., 2006) (e) ACS: Mol. Pharm. (Moon et al., 2019b) and (f) Elsevier: Eur. J. Pharm. Sci. (Beinborn et al., 2012a).

lysozyme particles that were prepared by TFF, SFL, and
SFD, respectively (Engstrom et al., 2008; Yu et al., 2006).
Among these three techniques, all particles showed
similar morphologies. Particle morphology is related to
several factors, such as formulation composition, solids
content of solutions, solvent, and processing temperature
(Moon et al., 2019a; Wang et al., 2014). In addition to the
nanostructured brittle matrix, another particle morphology
was observed in the case of VCZ. The particle morphology
of TFF VCZ combined with mannitol (MAN) was a porous
matrix of micron-sized flat irregular-shaped VCZ particles
and irregular-shaped mannitol nanoparticles (Fig. 2(e))
(Moon et al., 2019b). Atomic force microscopy showed
that the VCZ microparticles were packed by VCZ nanoaggregates (150–500 nm) (Moon et al., 2019b). Interestingly,
the particle morphology of TFF VCZ combined with povidone K25 (PVP-K25) is a brittle matrix of nanostructured
primary particles with a size of approximately 100 nm
(Fig. 1(f)) (Beinborn et al., 2012a), which is a similar mor-

phology to other brittle matrix powders. The difference in
particle morphology of VCZ is related to the crystallinity
of VCZ in the formulations. Due to the low glass transition
temperature (Tg) of VCZ (1 °C), the inclusion of VCZ with
a sufficient amount of a high Tg polymer (e.g., PVP) can
inhibit the recrystallization during the drying cycle, resulting in an amorphous structure of VCZ (Beinborn et al.,
2012a). In contrast, mannitol, a sugar alcohol, showed no
interaction with VCZ, resulting in the crystalline structure
of VCZ in TFF VCZ-MAN.

2.3.2 Moisture sorption
Generally, moisture/water sorption depends on the polarity of surface chemical groups and the available surface
area (Newman et al., 2008). Although the highly porous nature of particles produced by TFF is beneficial with regard
to dispersibility and aerosolization, the high surface area of
porous particles can increase the tendency of water sorption compared to unprocessed powder. The hygroscopicity
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of TFF formulations is also associated with the formulation
composition. The formulations that contain a large amount
of hydrophilic material can increase the hygroscopicity of
the formulations (Sahakijpijarn et al., 2020b). Sahakijpijarn
et al. investigated the effect of the amount of lactose (LAC)
in the TFF formulations on the moisture sorption, which
was determined gravimetrically by dynamic vapor sorption
(Sahakijpijarn et al., 2020b). The higher amount of lactose
resulted in higher moisture sorption. The moisture sorption
of TFF tacrolimus (TAC) formulations containing 0 %,
5 %, and 20 % w/w lactose were 1 %, 2.5 %, and 9 % w/w
at 25 °C/80 % relative humidity (RH) (Sahakijpijarn et
al., 2020b). According to the hygroscopicity classification
of the European Pharmacopoeia, TFF TAC formulations
containing lactose are classified as moderately hygroscopic
to very hygroscopic, while TFF neat TAC is classified as
slightly hygroscopic (Newman et al., 2008). Moreover,
mass loss due to surface moisture release during recrystallization was observed in a TAC formulation containing
50 % lactose, but not in other formulations (Sahakijpijarn
et al., 2020b).
Another study compared the moisture sorption of different sugar excipients (Watts et al., 2013). The formulations
containing lactose and raffinose had more weight gain at
> 80 % RH than the formulations containing mannitol
without other excipients. Mannitol was crystalline after the
TFF process, while lactose and raffinose were amorphous
(Watts et al., 2013). Amorphous materials generally tend to
absorb moisture more than crystalline materials (Newman
et al., 2008). Moreover, the effect of humidity on the
aerosolization of low-density microparticles containing
different excipients was also investigated. It was reported
that water sorption to powder surface can both improve
and reduce powder dispersibility. Capillary, electrostatic,
and Van der Waals forces are used to describe the cohesive
forces in powders, which play a major role in powder
dispersibility (Watts et al., 2013). Capillary force is a predominant force at > 60 % RH, while electrostatic adhesion
force is a predominant force at low humidity (Watts et al.,
2013). In lactose-based formulations, high humidity increased the plasticity of the brittle matrix, thereby reducing
the aerosol performance of the formulations. However, in
mannitol-based formulations, moisture can improve the
powder dispersibility due to a reduction in electrostatic
charge (Watts et al., 2013).

2.3.3 Aerodynamic properties
TFF powders have been investigated for pulmonary drug
delivery using dry powder inhalers (DPIs). The powder
should have an appropriate mass median aerodynamic
diameter (MMAD) in the range of 1–5 μm to maximize
the delivery of the drug particles to the deep lungs. Powder
dispersibility is controlled by the particle cohesive forces,
which are related to contact area and separation distance be-
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tween particles (Weers, 2000). The highly porous, low-density particles with a large geometric particle diameter,
characteristics unique to the morphology of TFF powders,
demonstrate superior powder dispersibility, as they have
higher inter-particle separation distance, less contact area,
and lower interparticle cohesive forces compared to the
traditional micronized (e.g., milled) powder (Sahakijpijarn
et al., 2020b). The highly porous and low-density brittle
matrices can be aerosolized and dispersed to small particles
of the same structure and density by the inhalation force
through a passive DPI (Watts et al., 2013).
The aerodynamic properties of TFF formulations are
dependent on the properties of the powder, which are
influenced by formulation compositions and processing
parameters. Excipients, such as sugars, are typically used
to improve the dispersibility of dry powder formulations
(Chen et al., 2016). Lactose is widely used as an excipient
in FDA-approved inhaled products, while other sugars
(e.g., trehalose, sucrose) and amino acids (e.g., leucine, trileucine) have recently gained more interest for pulmonary
delivery (Pilcer and Amighi, 2010). Mannitol has been
approved in ARIDOLTM for the assessment of bronchial
hyperresponsiveness due to its induction of bronchoconstriction (Pharmaxis, 1964; Sahakijpijarn et al., 2020c).
In many cases, TFF formulations containing an optimal
amount of excipient exhibited high aerosol performance.
Beinborn et al. compared the aerosol performance of TFF
VCZ with micronized VCZ. The blended powder of inhalation grade, micronized VCZ and lactose (Inhalac® 70, 2 %
w/w) exhibited 19.6 % fine particle fraction (FPF) and an
MMAD of 2.7 μm when it was emitted from a Handihaler®
at 60 L/min. Although TFF neat VCZ exhibited a larger
MMAD (4.2 μm), the FPF was about two times higher
compared to micronized VCZ and the MMAD was in the
acceptable range (Beinborn et al., 2012a).
The effects of the type and amount of excipient and the
drug loading on the aerosol performance were investigated
in several studies. The drug loading and type of excipients were optimized to maximize the respirable dose for
pulmonary delivery (Sahakijpijarn et al., 2020a). It was
reported that TFF remdesivir combined with leucine had a
larger FPF and smaller MMAD for the whole range of drug
loading of remdesivir (20–80 % w/w) (Sahakijpijarn et al.,
2020a). The formulations containing 80 % remdesivir with
20 % of different excipients (e.g., Captisol®, mannitol, lactose, leucine) showed good aerosol performance with FPFs
ranging from 64.21–82.71 % and MMADs ranging from
2.17–2.53 μm (Sahakijpijarn et al., 2020a). The aerosol
performances of formulations containing 95 % TAC with
the combination of 5 % w/w lactose, mannitol, or trehalose
were compared at 60 L/min using a Plastiape RS01 high
resistance inhaler (Sahakijpijarn et al., 2020b). Lactosebased formulations exhibited higher FPFs and smaller
MMADs compared to mannitol- and trehalose-based
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formulations (Sahakijpijarn et al., 2020b). Additionally,
it was reported that there was no significant difference
in aerosol performance when the drug loading of TFF
TAC formulations was increased from 60 % to 95 %
w/w (Sahakijpijarn et al., 2020b). This indicates that the
drug loading of TAC can be increased up to 95 % while
maintaining optimal aerosol performance (69.31 % FPF,
2.61 μm MMAD) (Sahakijpijarn et al., 2020b). Another
study from Moon et al. investigated the drug loading and
the amount of mannitol in TFF formulations. When the
drug loading of VCZ was increased from 50 % to 97 %
w/w, the FPF increased from 28.5 % to 40.8 % (Moon et
al., 2019b). The small amount of mannitol in TFF VCZ
formulations functioned as a surface texture modifier,
which can minimize the cohesive and adhesive forces
between particles, and subsequently, improve the aerosol
performance (Moon et al., 2019b). According to these
cases, particles prepared by TFF are aerosolizable with
a small amount of excipient needed in the formulation,
providing the potential of TFF to prepare high drug loading
formulations for pulmonary delivery of drugs requiring a
high dose, which can also lower the powder burden for
the patient. For large molecules such as nucleic acid-based
molecules and proteins, however, increasing the drug loading in the final dry powders to a certain level can lead to a
reduction of the aerosol performance properties of the dry
powders (unpublished data), likely due to an increase in
particle cohesive forces.

2.3.4 Stability, molecular interactions, and
miscibility
The stability of TFF powders was investigated in several
studies. It is well reported in literature that a crystalline
form is more stable than its amorphous counterpart. For example, VCZ/MAN (95:5 w/w) crystalline nanoaggregates
prepared by TFF were physically and chemically stable after storage at 25 °C/60 % RH for up to 13 months (Moon et
al., 2019b). The MMAD and FPF of TFF VCZ/MAN (95:5
w/w) did not change statistically after the storage (Moon
et al., 2019b). In the case of amorphous drugs, TFF TAC/
LAC (95:5 w/w) was chemically and physically stable after
storage at 25 °C/60 % RH and 40 °C/60 % RH for up to 6
months without the need of a stabilizer (Sahakijpijarn et al.,
2020b). The moisture content of powder affected the aerodynamic properties and physical properties of formulations
after storage. For example, when TFF TAC/LAC (95:5
w/w) powder was encapsulated in #3 hydroxypropyl methylcellulose (HPMC) capsules and stored in a borosilicate
glass vial without desiccant, there was an increase in moisture content during storage, which led to a decrease in SSA
and MMAD (Sahakijpijarn et al., 2020b). Since amorphous
materials are generally susceptible to water plasticization,
moisture on the particle surface resulted in a reduced brittle
fracture and increased particle density due to the collapse

of the brittle matrix structure (Watts et al., 2013). The
changes in particle morphology and powder properties had
detrimental effects on the aerodynamic properties, as the
powder showed a significant decrease in FPF and emitted
fraction (EF) and increase in MMAD (Sahakijpijarn et
al., 2020b). However, the stability results suggested that
a tightly closed container with desiccant helps to maintain
and minimize the changes in the aerodynamic and physical
properties of TFF powder (Sahakijpijarn et al., 2020b).
When TAC/LAC (95:5 w/w) powder was dried to remove
additional moisture absorbed during capsule filling and
packing and then stored in a sealed glass container with
desiccant, the physical and aerodynamic properties of
encapsulated powder did not significantly change over 6
months stored at 25 °C/60 % RH and only slightly changed
over 6 months stored at 40 °C/60 % RH (Sahakijpijarn et
al., 2020b).
In the case of biologics, Thakkar et al. investigated the
stability of a protein subunit vaccine dry powder prepared
by TFF (Thakkar et al., 2017). It was reported that the
particle size distribution of reconstituted ovalbuminabsorbed aluminum hydroxide dry powder prepared with
2 % w/v trehalose did not significantly change after one
month of storage at RT, 30 °C, and 40 °C. After 3 months
of storage at 40 °C, particle aggregation was slightly
detected, but was not found at other storage temperatures.
However, noticeable amounts of particle aggregates were
detected after 6 months of storage at RT, 30 °C, and 40 °C,
due to the visible buildup of moisture in the vials. The
ovalbumin-aluminum hydroxide vaccine powders were
reconstituted after storage at various temperatures for 1 or
3 months and were used to immunize mice. Importantly,
there was no significant difference in the anti-ovalbumin
IgG levels among mice that were immunized with freshly
prepared ovalbumin-adsorbed aluminum hydroxide liquid
vaccine or with the TFF vaccine powders after 3 months of
storage at the different temperatures. The Tg (~120 °C) of
the ovalbumin-adsorbed aluminum hydroxide dry powder
prepared by TFF was higher than the storage temperatures
(i.e., RT, 30 °C, and 40 °C), allowing the vaccine powder
to remain chemically, physically, and immunogenically
stable at all temperatures up to 3 months (Thakkar et al.,
2017). These samples were stored in a desiccator, but not
individually packaged in sealed pouches. With optimal
storage conditions, they would remain stable for a longer
period of time. This study showed the advantage of TFF in
producing a biologic powder that is stable when stored for
an extended period of time without a requirement for cold
chain (Thakkar et al., 2017).
The interaction between a drug and an excipient with
a high Tg generally improves the physical stability of
amorphous solid dispersions of small molecule drugs, as
well as the stability of biologics. The interaction between
drug and excipient can increase the Tg of the system,
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resulting in a less molecularly mobile glassy state. In some
cases, however, the interaction is not necessary to stabilize
the drug. For example, TAC, a high glass-forming ability
drug (GFA class III), showed no interaction with LAC
analyzed by ssNMR (Sahakijpijarn et al., 2020b). Although
two Tgs were detected by DSC, indicating TAC and LAC
were not molecularly dispersed, the analysis of domain
size by ssNMR showed that the two compounds had good
miscibility at a domain size of ~100 nm (Sahakijpijarn et
al., 2020b). Despite phase separation and lack of interactions, TAC was physically stable, remaining amorphous
after storage at 40 °C/75 % RH for 6 months in a sealed
container and after exposure to 40 °C/75 % RH for 28 days
in an open container (Sahakijpijarn et al., 2020b).

2.3.5 Solubility and dissolution
The enhanced dissolution of a drug in a TFF formulation
is generally associated with the brittle matrix nature of TFF
powders, and the matrix consists of the amorphous forms
of the drug and the excipient. A dissolution test showed
that TAC combined with lactose (5 % w/w) released a
higher amount of drug within 6 hours compared to the
physical mixture of unprocessed TAC and lactose (~85 %
and ~30 % drug release, respectively) (Sahakijpijarn et
al., 2020b). The drug loading and the amount of lactose in
the formulation did not affect the rate and extent of drug
release, as there was no difference in dissolution profiles
between TFF TAC/LAC (50:50 w/w), TFF TAC/LAC
(95:5 w/w), and TFF neat TAC (Sahakijpijarn et al., 2020b;
Sinswat et al., 2008). The enhanced dissolution of TFF
TAC formulations was associated with the enhanced solubility of the amorphous form of TAC. The amorphous form
of a drug generally exists in a higher free energy state than
its crystalline counterpart, thereby enhancing its solubility
and dissolution rate (Trasi et al., 2017). It was reported
that the solubility of amorphous TAC was 35-times higher
than its crystalline solubility (Trasi et al., 2017). In another
study, the dissolution of TFF remdesivir formulations
containing different excipients (i.e., Captisol®, mannitol,
lactose, and leucine) was compared with the dissolution
of TFF neat remdesivir and unprocessed remdesivir
(Sahakijpijarn et al., 2020a). All TFF remdesivir formulations exhibited faster and higher dissolution of remdesivir
than unprocessed remdesivir (Sahakijpijarn et al., 2020a).
Similar to the TAC case, the increased dissolution rate and
extent of remdesivir release are also related to the higher
solubility of amorphous remdesivir, compared to crystalline remdesivir (Sahakijpijarn et al., 2020a).
In several cases, the presence of a polymer as an excipient in a TFF formulation not only increases the rate and
extent of dissolution, but also enhances and prolongs the
supersaturated dissolution. The concentration (C) of drug
dissolved in the media divided by the equilibrium solubility
(Ceq) of the crystalline form yields the degree of supersat-
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uration (C/Ceq) (Overhoff et al., 2008; Yang et al., 2008).
Yang et al. reported that the colloidal dispersion of TFF
itraconazole (ITZ)/MAN/lecithin (1:0.5:2 w/w/w) had a C/
Ceq of 22-times at 5 min and the highest value of 27-times
at 15 min in lung simulated fluid (Yang et al., 2008). After
3 h, the supersaturated ITZ concentration of TFF ITZ/
MAN/lecithin started to decrease to about 7-times, while
the physical mixture only reached 2-times at 15 mins and
gradually decreased to a plateau of Ceq after 2 hours (Yang
et al., 2008). For oral drug delivery, Overhoff et al. investigated the in vitro supersaturation dissolution of a TFF
tacrolimus-sodium dodecyl sulfate formulation (TFF TACSDS) and the commercial tacrolimus capsule, Prograf ®, in
the two-stage dissolution test in acidic conditions. It was
reported that TFF TAC-SDS exhibited a higher degree of
supersaturation than Prograf ® after 2 hours (17-times C/
Ceq versus 14-times C/Ceq, respectively). Upon a pH shift
from 1.2 to 6.8, the TFF TAC-SDS also exhibited an increase in supersaturation level from 17-times to 22-times at
15 min after the pH shift, while Prograf ® did not maintain
a high degree of supersaturation and started to precipitate
out immediately after the pH shift. Although the degree
of supersaturation gradually decreased to 2.5-times C/Ceq
at 24 h after the pH shift, the area under the dissolution
curve (AUC) of the TFF TAC-SDS was higher than that of
Prograf ® under acidic and pH-shift conditions (Overhoff et
al., 2008).
A benefit of formulating proteins as powders as opposed
to liquids is that powders are not limited by the solubility
of the protein in the dose (Johnson, 1997). The solubility
of proteins is directly related to adsorption at the air-liquid
interface and aggregation. Techniques that expose proteins
to a high liquid interfacial area (e.g., SD, SFD), often require the use of additional excipients, such as cyclodextrins
(Ramezani et al., 2017), surfactants (Bhatnagar B. and
Tchessalov., 2020), ethanol (Johnson, 1997), or the utilization of acidic conditions (Liu et al., 1991). These excipients
may also be necessary to modulate the dissolution of the
protein. SFD bovine serum albumin (BSA) protein with or
without trehalose was encapsulated in poly(D,L-lactideco-glycolide) (PLG) or PLG/poloxamer microspheres
(Carrasquillo et al., 2001). Within 4 h in phosphate-buffered saline (PBS) at 37 °C, SFD BSA/PLG and SFD
BSA-trehalose/PLG released > 80 % of the protein, while
the inclusion of poloxamer (1:20 and 1:1 PLG/poloxamer)
extended the release over 1–2 days (Carrasquillo et al.,
2001). Finally, due to their high porosity and high SSA,
dry powders of biologics, such as vaccines, prepared by
TFF can often rapidly dissolve upon contact with a diluent
without any agitation, which is advantageous if there is a
need to reconstitute a TFF dry powder. Of course, one can
expect that TFF dry powders can readily dissolve in lung
fluid once delivered into the lung.
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2.4 Formulation and device considerations

properties with higher FPFs and smaller MMADs (Moon
et al., 2019a).

2.4.1 Solids content
A few characteristics of TFF powders are affected by
solids content, the total amount of solids dissolved or
suspended in the liquid (e.g., active ingredient, carriers,
other excipients). In terms of aerodynamic properties, a
feeding solution with less solids content generally produces more aerosolizable powders. When a comparison of
TFF VCZ nanoaggregates was made between 1 % and 3 %
(w/v) solids content, 1 % was associated with a higher FPF
of 67.5 % compared to 48.5 % at 3 % (Moon et al., 2019a).
However, in some cases with an amorphous TFF brittle matrix powder, different solids content does not present significantly different aerodynamic properties (Sahakijpijarn
et al., 2020a; 2020b) or a higher solids content actually
produces improved aerosol properties (Beinborn et al.,
2012b). The solids content can also influence the SSA.
High-potency, amorphous TFF TAC powders resulted
in about a 50 % larger SSA when the solids content was
0.75 % (w/v), as compared to 2.5 % (w/v) (Sahakijpijarn
et al., 2020b). However, crystalline TFF VCZ powders did
not show different SSAs when the solids content varied
from 0.1 to 10 % (w/v) (Beinborn et al., 2012b).
In addition to aerodynamic properties and SSA, the solids content is also an important parameter for manufacturing with regard to scale up. The formulations developed by
TFF are currently beginning Phase II clinical trials. When
a large amount of TFF powders, on the scale of multikilograms, is necessary, higher solids content will reduce
the total manufacture time of the powders.

2.4.2 Solvent system
Solvent systems used for TFF can significantly affect amorphicity, morphology, and aerosol performance.
Beinborn et al. showed that TFF VCZ-PVP K12 (1:2 w/w)
and TFF VCZ-PVP K30 (1:2 w/w) prepared with 1,4dioxane as a solvent were amorphous (Beinborn et al.,
2012b). However, when binary solvent systems of 1,4dioxane and water (50:50 or 20:80 v/v) were used for
these compositions, both formulations were crystalline
(Beinborn et al., 2012b).
When a binary solvent system of water and acetonitrile
is used for TFF, cryo-phase separation of the solvent system must be considered. A mixture of water and acetonitrile
phase-separates during the freezing if 35–88 % (v/v) acetonitrile is included in the mixture (Zarzycki et al., 2006).
When this cryo-phase separation occurs, a different morphology of powder formulations can be observed (Moon et
al., 2019a). The mixture of water and acetonitrile not only
impacts cryo-phase separation, but also affects the aerosol
performance. In the case of TFF VCZ nanoaggregates,
the higher portion of water included in the binary solvent
system of water and acetonitrile enhanced aerodynamic

2.4.3 Excipients
Carrier sugars are the most common excipients in the
preparation of powders. Sugars raise the viscosity of the
liquid thus slowing particle growth during rapid freezing.
Sugars can also enhance the stability. Inclusion of a sugar
in the formulation can help water vitrify at a lower cooling
rate, meaning the higher cooling rate of SFD and SFL are
not necessary.
In general, the characteristic porous particles prepared
by TFF have high SSA and low bulk density. As shown in
Table 1, the bulk density of TFF neat VCZ powder is 17fold and 2.7-fold lower than that of unprocessed VCZ and
micronized VCZ powder, respectively. Similarly, the SSAs
of powders processed by TFF with or without an excipient
were 4-times higher than unprocessed neat drug powder
(Table 1). Without excipient, TFF neat VCZ showed lower
SSA than TFF neat TAC (Beinborn et al., 2012a; Sinswat
et al., 2008), which is related to the crystallinity and the
unique morphology of VCZ nanoaggregates. The inclusion
of sugars can further improve the SSA of TFF powders
and is variable depending on the type and amount of sugar
used. At 95 % drug loading, TFF TAC formulations that
contained 5 % lactose (w/w) exhibited higher SSA compared to other formulations that contained 5 % w/w mannitol or 5 % trehalose (Sahakijpijarn et al., 2020b). A TFF
TAC formulation containing 50 % w/w lactose showed a
higher SSA than a TFF TAC formulation containing 5 %
w/w lactose (Sahakijpijarn et al., 2020b).
In contrast, the effect of the amount of polymer as an
excipient on SSA is not the same as that of sugar excipients
(Overhoff et al., 2007b). At 2 % w/w solids content, TFF
ITZ formulations containing 80 % w/w hydroxypropyl
methylcellulose phthalate (HP55) resulted in lower SSA
than the formulation containing 20 % HP55 (Overhoff et
al., 2007b). However, at lower solids content (0.2 % w/w),
there was no significant difference in SSA between these
two formulations (Overhoff et al., 2007b). The higher level
of polymer in the solution can prevent the formation of
nanoparticles (Overhoff et al., 2007b), which produce a
larger and less brittle structure. Overall, SSA is influenced
by several parameters, including type of excipient and
excipient loading, processing temperature, solids content,
and solvent system composition.

2.4.4 Drug loading
The degree of drug loading in TFF powders can influence the particle morphology, but potentially less so if the
powder is an amorphous brittle matrix (Sahakijpijarn et
al., 2020a; Sahakijpijarn et al., 2020b). However, in the
case of crystalline TFF VCZ nanoaggregates, different
drug loadings significantly affected particle morphologies
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(Moon et al., 2019b). TFF VCZ showed crystalline nanoaggregates when processed with mannitol as a single
excipient, which was phase-separated from VCZ (Moon
et al., 2019b). While VCZ exhibits as nanoaggregates that
are a few micrometers in size, mannitol exhibits as a brittle
matrix powder that consists of particles that are smaller
than 150 nm (Moon et al., 2019b). As a result of the different morphologies of these two phase-separated crystalline
ingredients, a different ratio of VCZ and mannitol resulted
in significantly different particle morphologies (Moon et
al., 2019b). More interestingly, due to generating small
mannitol nanoparticles, when VCZ loading is high (i.e.,
90–97 %), the phase-separated mannitol nanoparticles
reside on the flat surface of VCZ nanoaggregates and act
as a surface modifying agent (Moon et al., 2019b). This
reduces cohesive and adhesive energy of VCZ particles and
enhances the aerodynamic properties of the powder.
Amorphous, brittle matrix TFF powders do not show
different morphologies with different levels of drug loading; however, the aerodynamic properties of these powders
still depend on drug loading for certain excipients and
drugs. For TFF TAC with lactose, 70–80 % (w/w) TAC
loading resulted in the highest FPF at the solids content of
0.75 % (w/v) (Sahakijpijarn et al., 2020b). In the case of
TFF-remdesivir with Captisol®, the powders with higher
drug loading aerosolized better than those with lower drug
loading (Sahakijpijarn et al., 2020a). In contrast, the higher
drug loading resulted in less aerosolizable TFF-remdesivir
powders with leucine, showing larger MMADs and lower
FPFs. However, when TFF-remdesivir was formulated
with mannitol or lactose, 50 % and 80 % (w/w) drug loading exhibited similar FPF.

2.4.5 Loading dose and delivery device
The loading dose can also affect the aerosol performance. The aerosol properties of TFF VCZ nanoaggregates
were tested and compared with high resistance RS00 and
RS01 Plastiape devices (Moon et al., 2019a). When TFFVCZ nanoaggregates were filled into #3 HPMC capsules
with 10, 15, or 20 mg, the high resistance RS00 Plastiape
device provided more consistent and enhanced aerosol
performance within these filling ranges. While FPF and
MMAD were not significantly different between the three
doses, the 20 mg dose, with the capsule completely full,
presented slightly lower aerosol properties than either the
10 or 15 mg dose.
The type of device used to deliver dry powder formulations is selected for its influence on its aerosol performance.
While TFF powder formulations exhibit aerodynamic
properties that are independent of flow rate, they are still
affected by the type of resistance and device (Moon et
al., 2019a; Sahakijpijarn et al., 2020b). The high dose
TFF TAC brittle matrix powder demonstrated consistent
MMAD and FPF in the range of flow rates between 30 and
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60 L/min, which represented 1 and 4 kPa pressure drop,
respectively, with a high resistance RS01 Plastiape device.
However, when the same TFF TAC was aerosolized using
a low resistance RS01 Plastiape device, it was less aerosolizable and relied more on flow rate compared to high resistance RS01 Plastiape device (Sahakijpijarn et al., 2020b).
Interestingly, in the case of TFF VCZ nanoaggregates,
both low resistance RS00 and RS01 Plastiape devices
exhibit excellent aerosol properties (Moon et al., 2019a).
Low and high resistance RS00 Plastiape devices perform
better than the corresponding low and high resistance RS01
Plastiape devices. The most flow rate independent device
for TFF-VCZ nanoaggregates was the high resistance
RS00 Plastiape device, which creates smaller holes in the
capsule shell wall, likely facilitating deaggregation the TFF
nanoaggregates.

3. Applications of TFF: formulation of proteins
as powders for pulmonary delivery
3.1 The need for pulmonary delivery of proteins
into the lungs
Within the class of proteins, there are various types that
have their own unique characteristics. Several proteins
have been studied for delivery via the pulmonary route
as dry powders: proteins (e.g., insulin, calcitonin, BSA),
enzymes (e.g., dornase alpha, LDH, lysozyme), and antibodies (e.g., anti-IgE). The category of antibodies also
includes antibody fragments and nanobodies. Antibody
fragments typically consist of either the antigen binding
fragment (Fab) or crystallization fragment (Fc). One type
of antibody fragment is a domain antibody fragment (dAb),
which is the smallest functional antigen-binding region of
antibodies and are derived from a single variable region
of either the light (VL) or heavy (VH) chain (Holt et al.,
2003; Proudfoot et al., 2018). Antibody fragments can be
more susceptible to aggregation after freeze-thawing than
full length antibodies (Wang et al., 2007). However, due to
their small size, they may have enhanced tissue penetration
and are relatively easier to manufacture (Nelson, 2010).
Nanobodies are proteins derived from heavy-chain only
antibodies (HCAb) found in Camelidae and are about one
tenth the size of an antibody. Finally, many vaccines are
protein-based. Protein therapeutics continue to become
more and more complex (e.g., antibody-drug conjugates)
and will require much care when developing them as more
stable powders (Bodier-Montagutelli et al., 2018) .
Protein-based therapeutics are often administered by
parenteral routes, such as intravenous, subcutaneous, or
intramuscular injection. There is a need to deliver some
protein-based therapeutics directly to the lungs, largely due
to their low distribution to the lungs when administered
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systemically, which means high doses are required
to achieve adequate lung distribution. For example,
Guilleminault et al. explored the delivery of cetuximab, an
anti-epidermal growth factor receptor (EGFR) antibody,
via aerosolization into the lungs for the treatment of lung
cancer. In mice with orthotopic lung tumors, aerosolization
of cetuximab in solution achieved substantially better
delivery of cetuximab to the lung tissues as compared to
intravenous administration, which led to a higher dose of
cetuximab distributing to the tumors in the lung (i.e., up to
4-fold higher as compared to intravenous injection at 2 h)
(Guilleminault et al., 2014). Similar studies and results
were produced by Maillet et al. (Maillet et al., 2011). In
fact, two proteins have been approved for delivery via
the pulmonary route, including insulin for the treatment
of diabetes (i.e., for systemic distribution) and dornase
alpha, or Pulmozyme, a solution of recombinant human
deoxyribonuclease indicated for reducing lung infections
and improving lung function in patients with cystic fibrosis
(i.e., for local lung distribution). Lungs have a high degree
of vasculature, high surface area, thin epithelium, high
permeability for large molecules, and fewer enzymes and
higher pH compared to the gastrointestinal tract (Liang et
al., 2020). The respiratory route is also less invasive (i.e.,
does not require a needle puncture or a trained health professional), has a faster onset of action, and minimizes systemic toxicity compared to the parenteral routes (Johnson,
1997).

3.2 The need for dry powder formulation of
proteins for pulmonary delivery
Many medications are delivered to the lungs via nebulization, which is the aerosolization of liquid preparations
and direct inhalation of the mist/aerosols into the lungs.
Formulations for nebulization are prepared and stored in
a liquid state, which is not ideal for proteins. Proteins are
generally less stable in a liquid formulation than in a dry
powder, and nebulization exposes proteins to harsh conditions, including shear stress and high temperatures exiting
the device (Bodier-Montagutelli et al., 2018) and a high
air-liquid interfacial area, causing aggregation (Wang et
al., 2007). The percent of functional LDH was measured to
be < 6 % after nebulization and could only be improved to
62 % with the use of a protectant (e.g., Tween 80, chitosan)
(Albasarah et al., 2010). The most common nebulization
device is the vibrating-mesh nebulizer because of its ability
to deliver relatively high doses while being less destructive
than ultrasonic or jet nebulizers (Lightwood et al., 2013;
Maillet et al., 2008). Liquid formulations for nebulization
can, and typically must, be customized for the specific
molecule and often require the use of a surfactant (e.g.,
polysorbate, polyethylene glycol) or other stabilizer (BodierMontagutelli et al., 2018) and organic solvents, which

can be toxic to the lungs. Solubility of the formulation
excipients also limits how concentrated the dose can be,
meaning a large dose may be necessary (Johnson, 1997).
Furthermore, nebulizer devices are less convenient for
the patient, and they often cannot be as easily transported
compared to DPI devices. Administration of a nebulized
protein usually requires several minutes of inhaling the
aerosol. For example, Pulmozyme, when administered
with the eRapid® Nebulizer system, should be inhaled for
1–5 minutes (Genentech, 2018). This is in contrast to a
DPI, which can deliver a full dose in a few seconds as a
bolus. There are benefits to nebulization, however, such
as fewer manufacturing steps (e.g., no drying) (BodierMontagutelli et al., 2018), but the overall aerosol per
formance of nebulizers is worse than DPI devices. For
example, tobramycin PulmoSphere dry powder administered via a DPI exhibited an emitted dose of 78.3 %,
delivering 34.3 % of the total dose to the lungs, while the
nebulized tobramycin product emitted 39.4 % of the dose,
delivering only 5.0 % of the dose to the lungs (Newhouse
et al., 2003). The nebulized dose had to be administered
for 15 min (Newhouse et al., 2003). Preparing proteins
as powders for delivery to the lungs can enhance aerosol
performance as well as the storage stability of them. Aggregation also occurs in lyophilized powders, however, it can
be minimized by inclusion of protectants (Yu et al., 2006).
Only a few protein-based therapeutics developed for
pulmonary delivery have been formulated as powders.
Human growth hormone (22 kDa protein) SD powder,
infliximab (149 kDa antibody) SD powder, and influenza
subunit vaccine (225 kDa protein) SD and SFD powders
are in preclinical development (Liang et al., 2020). The
influenza subunit vaccine SD and SFD powders were found
to have FPFs of 37 % and 23 %, respectively (Saluja et al.,
2010). A few are in the clinical development stage. For example, Novartis is developing CSJ117, anti-thymic stromal
lymphopoietin (46 kDa antibody fragment), as a dry powder for inhalation. They report having completed a phase
I trial in 2019, administering CSJ117 with a Concept1
single dose DPI to adult patients with mild, atopic asthma
(NCT03138811). CSJ117 was well tolerated and reduced
allergen-induced bronchoconstriction compared to placebo
(Gauvreau et al., 2020). Recruitment for a phase II trial
in adult patients with severe, uncontrolled asthma began
in 2020 (NCT04410523). UCB Pharma designed VR942,
a dry powder formulation of an anti-IL-13 antibody fragment, also known as CDP7766. A phase I clinical trial was
conducted in 2018 with a Multidose F1P DPI showing
that it was well tolerated for up to 10 days and achieved
inhibition of fractional exhaled nitric oxide (FeNO) as a
secondary outcome (Burgess et al., 2018). Patents can be
found detailing the Novartis and UCB Pharma products,
but it is difficult to determine which formulations were
used in clinical trials and their corresponding aerosol
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properties (Morgan et al., 2019; Rondeau et al., 2017).
DAS181, or Fludase® is a 46 kDa sialidase fusion protein
in phase 1/II trials for parainfluenza by Ansun BioPharma
(Zenilman et al., 2015). It is a dry powder delivered by
the Cyclohaler® DPI and its desired site of action is the
central/upper respiratory tract and thus is designed to have
an FPF of around < 10 % and MMAD 3–8 μm (Malakhov
and Li, 2014). Insulin is a small protein (5.7 kDa) that is
used to treat diabetes mellitus. Two insulin dry powders for
inhalation products, Afrezza® by MannKind and Exubera®
by Pfizer, were approved and commercialized. Exubera®
was ultimately discontinued due to patient and provider
dissatisfaction (Heinemann, 2008).
We have experimental evidence that TFF can be applied
to prepare dry powders of proteins or protein-containing
products while maintaining the activity of the proteins, and
the resultant dry powders have excellent aerosol properties
for lung delivery and can be potentially stored without cold
chain.

3.3 Protein dry powders engineered using TFF
technology
Over the years, we have successfully applied TFF
technology to prepare dry powders of proteins and proteincontaining products such as vaccines (Engstrom et al.,
2008; Li et al., 2015; Moon et al., 2016; Thakkar et al.,
2017). We have shown that protein dry powders prepared
by TFF maintain their functional activity, have good aerosol performance properties, and have improved thermostability for potential cold chain-free storage.
For example, LDH was formulated into powders with
trehalose (1:120, w/w) as a carrier using shelf FD, SFD,
SFL, and TFF. For all except SFD, the activity of LDH in
the dry powders was 97–100 %, whereas SFD produced
an LDH powder with only 74–85 % activity (Engstrom et
al., 2008). Around 20–30 % of protein was adsorbed to the
gas-liquid interface in SFD, explaining the decrease in the
activity of the LDH (Engstrom et al., 2008). Lysozyme at
5 mg/ml or 50 mg/ml was also formulated into powders
using SFD, SFL, and TFF. Lysozyme powder prepared
by shelf FD at 5 mg/ml showed an SSA of 4.4 ± 0.3 m2/g
(Table 1). Lysozyme powder produced via TFF at 5 mg/ml
had a high SSA (i.e., 45–73 m2/g) (Table 1, Engstrom et
al., 2008). SFD can produce a powder with an even larger
SSA (i.e., 126 m2/g vs. 31–55 m2/g for TFF at 50 mg/ml)
(Table 1, Engstrom et al., 2008). As mentioned earlier,
Figs. 2(b), 2(c), and 2(d) show the morphology of the
lysozyme particles that were prepared by TFF, SFL, and
SFD, respectively (Engstrom et al., 2008; Yu et al., 2006).
All particles showed similar morphologies. Increasing the
protein concentration from 5 to 50 mg/mL deceased the
submicron particle fraction from 81–92 % to 62–66 %. The
high concentration also produced more micron-sized parti-
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cles, likely due to a higher degree of collisions contributing
to particle growth, but 5 mg/mL is more clinically relevant
(Engstrom et al., 2008). TFF and SFL produced similar
morphologies when powders were examined by SEM,
with the particle size increasing with decreasing freezing
temperature. Again, the particle size was increased when
the protein concentration was increased. SFD was able to
form smaller particles than SFL and TFF.
Lysozyme dry powders were also prepared by TFF with
mannitol as the excipient (50:50, w/w), and the resultant
dry powders showed excellent aerosol properties, with
MMAD values within the range of 1–5 μm and FPF up to
65 % (Table 2). As mentioned earlier, increasing the solids
content in the lysozyme solution, from 1 % to 10 %, led to
a reduction in the FPF.
Finally, dry powders of proteins or protein-containing
products prepared by TFF also have excellent thermostability. As mentioned earlier, Li et al. reported that vaccines
containing protein as antigens and an insoluble aluminum
salt as an adjuvant can be readily transformed from liquid
suspension into a dry powder without causing aggregation
of the protein-adsorbed aluminum salt microparticles or a
decrease in the immunogenicity of the antigen proteins following reconstitution of the dry powders (Li et al., 2015).
Due to the presence of the aluminum salt particles in the
vaccines, the vaccines may not be subjected to accidental
slow freezing during distribution and storage, because slow
freezing causes particle aggregation and loss of vaccine
activity. Also, the protein antigens in the vaccines are generally unstable at high temperatures (e.g., RT). Therefore,
vaccines containing aluminum salts as adjuvants must be
kept in cold chain conditions (2–8 °C). The vaccine dry
powders prepared by TFF are not sensitive to repeated slow
freezing and thawing anymore. More importantly, a model
protein antigen-based vaccine adjuvanted with aluminum
oxyhydroxide that lost nearly all its immunogenicity after 3
months of storage at even 4 °C as a liquid did not show any
significant immunogenicity decrease after it was stored as
a TFF powder at 40 °C for 3 months (Thakkar et al., 2017).
TFF is a technology that enables the engineering of
dry powder formulations of protein-based therapeutic
products and the resultant dry powders have good aerosol
Table 2 Aerosol performance properties of MAN/lysozyme TFF powders (Moon et al., 2016).

Formulation

MMAD
(μm)

GSD
(μm)

FPF
(%)

MAN/lysozyme 50:50 (w/w)
TFF 1 % (w/v)

2.820

3.864

65.029

MAN/lysozyme 50:50 (w/w)
TFF 5 % (w/v)

3.913

3.552

40.478

MAN/lysozyme 50:50 (w/w)
TFF 10 % (w/v)

3.546

2.825

34.150
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properties and thermostability. Of course, even within dry
powder formulations, challenges that must continue to be
addressed are potential immunogenicity and toxicity to
lungs due to concentrated doses. As previously described,
due to the acceptable aerosol properties of dry powders
prepared by TFF, dose and powder burden can be reduced.
TFF can also play a role in minimizing the immunogenicity
of protein-based products, as the ultra-rapid freezing
during TFF helps to minimize protein aggregation.

4. Conclusion
Thin-film freezing is an ultra-rapid cryogenic freezing
technique. It can be used to prepare powders with tunable
properties. Its intermediate cooling rate allows for the production of powders with high SSA, low aggregation, and
submicron size particles. TFF is also a viable processing
method for creating protein dry powders for pulmonary
delivery. Proteins that are subjected to TFF and then
sublimation to remove frozen solvent are able to maintain
their structure and functionality. Dry powders of proteins
prepared by TFF also have good thermostability as well as
aerosol properties for pulmonary delivery.
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Abstract
The grain sizes can significantly influence the granular mechano-morphology, and consequently, the macro-scale
mechanical response. From a purely geometric viewpoint, changing grain size will affect the volumetric number
density of grain-pair interactions as well as the neighborhood geometry. In addition, changing grain size can
influence initial stiffness and damage behavior of grain-pair interactions. The granular micromechanics approach
(GMA), which provides a paradigm for bridging the grain-scale to continuum models, has the capability of
describing the grain size influence in terms of both geometric effects and grain-pair deformation/dissipation effects.
Here the GMA based Cauchy-type continuum model is enhanced using simple power laws to simulate the effect of
grain size upon the volumetric number density of grain-pair interactions, and the parameters governing grain-pair
deformation and dissipation mechanisms. The enhanced model is applied to predict the macroscopic response of
cohesive granular solids under conventional triaxial tests. The results show that decreasing grain-sizes can trigger
brittle-to-ductile transition in failure. Grain size is found to affect the compression/dilatation behavior as well as the
post-peak softening/hardening of granular materials. The macro-scale failure/yield stress is also found to have an
inverse relationship with grain-sizes in consonance with what has been reported in the literature.
Keywords: granular micromechanics, grain sizes, brittle to ductile, failure, yield, triaxial compression

1. Introduction
The macro-scale behaviors of dense cohesive granular
materials are directly linked to the grain-scale through their
granular mechano-morphology, which is represented by
their collective arrangements (microstructure) and their interaction mechanisms (micromechnics). The mathematical
description of macro-scale response of granular materials
must begin from the conception of grain-interactions.
From this point of departure, either discrete or continuum
descriptions can be elaborated. In discrete models, the
macro-scale behavior is inferred by tracking the motion
of each grain in response to the external action. Continuum models, in contrast, aim to describe behavior at a
spatial scale in which the grains and their motions remain
concealed within a material point of a continuous system.
While discrete analysis schemes can provide results
with detailed description of grain motions, inter-granular
†
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deformations, they are limited in their applicability to
large-scale problems due to large computational cost, and
the challenges of grain-scale verification and validation.
On the other hand, classical continuum models, while computationally affordable, suffer from losing characteristic
features due to neglecting grain scale phenomena (in terms
of both the microstructure and its evolution, as well as the
inter-granular mechanisms). In this regards, it is noteworthy that higher-gradient continuum models represent a way
to capture the effect of microstructure and its evolution
during loading (Placidi L. and Barchiesi E., 2018; Placidi
L. et al., 2018a; 2018b), an approach that can be traced to
the early development in continuum mechanics (dell’Isola
F. et al., 2014; Eugster S.R. and dell’Isola F., 2017).
Granular micromechanics approach (GMA) provides a
paradigm that bridges the grain-scale models to appropriate
continuum model (Nejadsadeghi N. and Misra A., 2020;
Poorsolhjouy P. and Misra A., 2019). In this approach,
the constitutive relation for a continuum material point is
derived by utilizing the directional average of variously
oriented grain-pairs. In this way, GMA incorporates data
from the microstructure and micromechanical phenomena
at grain scale into the continuum model (Misra A. et al.,
2020). It has been shown that by incorporating the grainpair interactions in different directions, GMA is able to

Copyright © 2022 The Authors. Published by Hosokawa Powder Technology Foundation. This is an open access
article under the CC BY license (https://creativecommons.org/licenses/by/4.0/).
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capture various behavior, that are difficult to attain with
classical continuum models, using computational demand
which is significantly lower than that associated with
discrete models (Poorsolhjouy P. and Misra A., 2017).
In a form of GMA that leads to Cauchy-type continuum
model with coupled damage and plasticity, Helmholtz free
energy density and dissipation potential functions for the
continuum model are obtained as the volume averages of
corresponding functions defined for the grain-pair. Grain
scale constitutive equations are calibrated to ensure that the
model replicates the observed behavior. Since the grainpair behavior is nonlinear, the grain-pair oriented in different directions undergo different unique loading paths as a
continuum material point experiences a macro-scale loading sequence. The consequence is that the response of the
granular system is highly loading-path dependent. Indeed,
when a macro-scale body is subjected to a loading-path,
the variously oriented grain-pair can be in different loading
stages including loading, unloading, or reloading. The
material response, therefore, at any stage of loading is a
function of the entire loading history rather than the current
loading state.
Since grain-pair interactions are key in GMA-based
continuum models, the grain size effect can be incorporated
by considering its influence on the grain-pair behavior.
Here, we enhance the non-linear damage-plasticity grainpair interaction previously proposed for cementitious
materials by incorporating the effects of grain sizes. We
introduce simple scaling relationships, based on power
laws, to describe the effect of grain size on grain-pair
stiffness, grain-pair damage dissipation, grain-pair branch
length, and the volumetric number density of grain-pair
interactions in the granular material system. Using these
relationships, size-effect relationships for macroscopic
response of the material (macroscopic stiffness tensor and
the Cauchy stress) are predicted. These results are calculated for parameters that are calibrated using experimental
data available in the literature. The predicted results show
that grain-sizes can influence brittle to ductile transition
and softening-hardening behavior. The results also show
that macro-scale failure stress under axisymmetric loading
scales with grain-sizes as has been observed from experiments on cohesive granular materials.

2. Granular Micromechanics Approach
(GMA)
GMA can be categorized as a meso-scale approach that
bridges the gap between continuum models and discrete
models as is seen in Fig. 1. At the smallest scales, atomic
models can be utilized provided the composition and initial
structures are known. Indeed, provided a faithful realization of the atomic structure, these models can yield results
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with high degree of exactness (i.e. fidelity). For examples
of their application to atomically complex materials the
reader is referred to (Misra A. and Ching W.Y., 2013;
Qomi M.J.A. et al., 2014). These models however are
computationally costly even with the present computation
and memory capacities. Moreover, they are inapplicable to
large systems with complex compositions, or disordered
and defective structures given the difficulties associated
with the characterization and specification of such materials. In larger scales, discrete models are utilized to investigate the material behavior by simulating the interaction of
macro-particles that comprise granular system (Gonzalez
M. and Cuitino A.M., 2012; Hentz S. et al., 2004; Misra
A. et al., 2018; Tavarez F.A. and Plesha M.E., 2007; Turco
E. et al., 2019). Discrete models consist of identifying the
grains in the material, their interacting neighbors, and the
behavior of the interaction. For these models one needs to
be able to define grains in a given volume of interest, their
shapes and sizes, their contacts with their neighbor grains,
their surface properties, etc. Moreover, this identification
needs to be done at any loading increment, considering the
fact that during loading all properties of grains and their
contacts will change due to the displacement, deformation,
and rearrangement of grains. If the mechano-morphology
of a given granular materials can be faithfully reproduced
throughout a loading process, discrete models can be used
to extract high-fidelity results as depicted in Fig. 1 about
the micro-level response as well as the micro-macro correlation for the material (Gonzalez M. and Cuitino A.M.,
2012; Misra A. and Poorsolhjouy P., 2015b).
GMA incorporates data from the material microstructure
and micromechanics into the continuum model in a computationally affordable statistical manner. The antecedents
of the granular micromechanics approach may be traced to
second quarter of the 20th century in works related to the
estimation of wave velocities in granular beds in which the
Hertz solution for normal contact between elastic spheres
was used to find equivalent elastic moduli of regularly
arranged grain packing (see (Duffy J. and Mindlin R.D.,
1957; Hara G., 1935) and for a brief review (Misra A. et
al., 2019)). This analysis served as the inspiration for the
development of stress-strain relations for random packing
of grains including certain statistical representation of the
packing geometry (Chang C.S. and Misra A., 1990; Digby
P.J., 1981; Misra A. and Chang C.S., 1993; Walton K.,
1987). In GMA, the exact evolution of grain trajectories
within the material point are not investigated. Instead, the
macroscopic behavior of the granular system is derived by
averaging the behavior of grain-pair interactions in different directions. In our past works, we have presented a derivation of the GMA based model applicable to cementitious
granular materials in the framework of thermo-mechanics
(Misra A. and Poorsolhjouy P., 2015a; Poorsolhjouy P. and
Misra A., 2017). Here, this thermomechanical derivation
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Fig. 1 Modeling Scales: Schematic graph showing the evolution of computational demand needed for modeling material behavior in different scales,
expanding from nanometers to centimeters.

of GMA is enhanced to account for the effect of grainsizes. The paper is structured as follows: In section 2.1,
a brief review of the general derivation of GMA within
a thermo-mechanical viewpoint is presented for completeness. Section 2.2 focuses on the specifics of coupled
damage-plasticity laws at micro-scale for deriving the
correct macroscopic behavior of the material (for a more
complete description of the micro-scale laws, the reader
is referred to (Misra A. and Poorsolhjouy P., 2015a;
Poorsolhjouy P. and Misra A., 2017)). In Section 2.3, the
relationship between grain sizes on one hand and model
variables (including branch vector, density of grain-pair
contacts, as well as stiffness and damage variables) on the
other, have been discussed and size-effect laws are implemented within the model. Section 3 is devoted to results of
simulations for samples of various grains sizes and under
different confinements. Particularly, effects of changing
grain sizes on failure and its type (brittle or ductile) has
been discussed. Finally, a summary and conclusion, along
with an outline of continued research is presented in Section 4.

2.1 Thermo-mechanical derivation
The GMA hypothesizes that the deformation energy of a
volume of granular materials can be effectively expressed
in terms of the deformation energies of all its grain-pair
interactions. As a consequence, the macro-scale Helmholtz
free energy density, W, and dissipation potential, ψ, can be
obtained as volume averages of their grain-pair counterparts, which are expressed in terms of grain-scale variables
as (Misra A. and Poorsolhjouy P., 2015a; Poorsolhjouy P.
and Misra A., 2017)

W

1
V

1

(1a) V

Nc

W   j ,  jp , D j 

(1a)

 1

Nc

   j , D j , D j ,  jp ,  jp 

(1b)

 1

where the summations go over all grain-pair interactions,
superscript α refers to the αth grain-pair, total number of
(1b)
grain-pair
interactions is Nc, and the superimposed dots
imply time derivative. The grain scale kinematic variables
consist of the relative displacement and the plastic relative
displacement between neighbor grains,  j and  jp . Here,
we note that in this model, the relative displacements
between grains represents the relative displacement between the centroids of each two neighboring
[52] This
[51] grains.
relative displacement can have various sources including
deformation of individual grains, or relative movement between grains centroids, or deformation concentrated at the
contacts, e.g. in Hertzian contact. These phenomena are not
addressed separately in this model and their collective effect is lumped into the relative displacement between grain
centroids. The same is true for plastic relative displacement
between grain centroids. In addition, the unitless grainscale damage parameter, D j , is a vector variable which
represents the loss of grain-pair stiffness coefficients. In the
entire document, the summation convention over repeated
indices is implied, unless explicitly
noted otherwise.
[53]
In this analysis, we only account for the so-called
macro-displacements and do not introduce any additional kinematic descriptors or higher-gradient terms
and grain-spins/rotations that are necessary for complete
description of the complex granular systems (Misra A. and
Poorsolhjouy P., 2016a; 2016b; Nejadsadeghi N. and Misra
A., 2020; Poorsolhjouy P. and Misra A., 2019). In this case,
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the grain-pair relative displacement,  j , is related only to
the first gradient of macro-displacement field. With this in
mind, the macro-scale Helmholtz free energy density, W,
and dissipation potential, ψ, can also[54]
be defined as functions of macroscopic variables as follows

distributed linearly in the material point, the corresponding local variables defining the relative kinematics of
two neighbor grains, i.e. the relative displacement, δi,
plastic relative displacement, ip , and the damage vector
specifying the loss of stiffness between the two grains,
Di, can be derived (Misra A. and Poorsolhjouy P., 2015a;
W  W ij , ijp , Dij 
(2a)
Poorsolhjouy P. and Misra A.,[57]
2017). Approximating the
   ij , Dij , D ij , ijp , ijp 
(2b)
displacement and plastic displacement of a grain using the
Taylor series expansion of the displacement and plastic
where the superscript p denote plastic, εij is the independent
displacement of its neighbor grain, allows us to define the
(2a)
kinematic variable (strain tensor), and Dij is the damage
relative displacement and relative plastic displacement
(2b) which for a given direction, n , yields the damage
tensor
between two neighbor grains (δi and ip ) as the product of
j
vector, Di, i.e. Di = Dijnj. As standard in classical contintheir macroscopic counterparts (εij and ijp) with the branch
uum mechanics, the power density of internal forces is
vector. In other words, the displacements are written as
i



p


u


,
expressed as
the projections of their macroscopic[57]
counterparts, in the
ij (i, j )
ij ij where σij is the Cauchy
stress tensor. Using the Clausius-Duhem inequality and the
direction of the grain-pair interaction, [58]
and then scaled by
above definitions, the following is obtained (Poorsolhjouy
the magnitude of the branch vector. In addition, based on
[59][60]-入力あり
P. and Misra A.,
the definition of the macroscopic damage
tensor, Dij, the
[55]2017)
grain-scale damage vector, Di, is given, by definition, as

 W
W 
    W
  p
the
product of the damage tensor and the direction of grain



D







0
 ij
 ij 
  ij  ijp ijp  ij
ij 

 Dij Dij 


pair interaction (i.e. as the projection of tensor, Dij, in the
(3)
direction of the grain-pair).

p
p

(3)Since the equality in Eq. 3 should be satisfied for any 
(7)
i 

Dij n j
ij l j ; i
ij l j ; Di
arbitrary set of kinematic variables, all three terms must simultaneously vanish. For the second and third terms, since
where lj is the branch vector joining the centroids of two
the coefficients are functions of the same kinematic varineighbor
grains which is given as the product of the length
(7)
ables, the weaker orthogonality condition can be sufficient
of the branch vector, l, and the unit vector in the direction
(Ziegler H., 1983). As a result, the following equations are
of the contact, nj as lj = lnj. Substituting Eq. 6 and 7 into
obtained
Eq. 5 the expression for Cauchy stress can be rewritten as

 ij 

W

0
ij

1 Nc 
1 Nc 

f k kiljll

 fi l j
V  1
V 1



 ij
(4a)

 W
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0

  ij
(4a)
 Dij Dij 

(4b)

 W
  p
(4c)
0
 p  p  ij 
(4b)



ij 
 ij
Further substituting Eq. 1a into Eq. 4a and applying
chain rule the following expression for the Cauchy stress
can(4c)
be obtained

 ij

W
1

ij
V

Nc

W  k
 
ij
 1  k



(5)

In Eq. 5 the derivative of grain-pair interaction energy
with
(5)respect to the displacement is defined as the conjugate
force measure in the grain-scale
f k 

W 
k

(6)

Assuming that the macroscopic variables including
p
strain, εij, plastic strain, ij , and damage tensor, Dij, are
(6)

It is remarked here that the widely used Eq. 8 is valid
under specific assumptions as outlined in Eq. 7. Further,
we(8)observe that based on the definition of the damage
vector and damage tensor (see Eq. 7) the partial derivative of the damage vector with respect to the damage
tensor is given as ∂Dk/∂Dij = nl∂Dkl/∂Dij = δiknj. In the
same way, the partial derivative of the rate of the damage
vector with respect to the rate of the damage tensor can
be derived as ∂Ḋk/∂Ḋij = nl∂Ḋkl/∂Ḋij = δiknj. The same
relationships can be formulated for the partial derivative
of plastic displacement with respect to plastic strain as,
kp / ijp ll  klp / ijp ik l j , and for their time rates,
kp / ijp ll klp / ijp ik l j . It is therefore derived that
kp / ijp . SubDk / Dij 
D k / D ij and kp / ijp 
stituting this assumption, as well as Eqs. 1a and 1b into
[61]
Eqs. 4b and 4c, results in
[62]
[63]N c  W      [64]
D  
0

(9a)
 

  i 

D
D



i
i 
 1 

(9a)
[56]
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(9b)

Now it should be noted that the summations in Eq. 9
should hold for any number of grain-pair interactions and
(9b)the equality should be satisfied in a term-by-term
thus,
manner.
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i
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 W 
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     p  i 
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 i
(10a)
Combining Eq. 6 and 10 results in
(10b)
  W      W      

fj 
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 Dj

 j 
D j 

 D j
 W 
    p
0
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 jp 
  j

(10a)

(10b)

(11)

which leads to the following micro-scale Clausius-Duhem
type inequality for the αth inter-granular interaction:
(11)
f j j  W  d   0
(12)
where the grain-scale dissipation, dα, is defined as
(12)
 
   p
d    D j 
j  0
D j
 jp

At this juncture, it is useful to formulate the grain-pair
energy and dissipation functions in terms of grain-pair
displacement decomposed into two components, one along
the vector connecting the two grain-centroids (branch
vector), termed as normal component, and the other in the
orthogonal direction, termed as the tangential component
(as depicted in the inset in Fig. 2). Accordingly, a local
Cartesian coordinate system, nst, is defined composed of
three unit vectors: unit normal vector ni in the direction of
branch vector, li, and two orthogonal vectors lying in the
tangential plane denoted as si and ti. The direction cosines
of these local coordinate axes are given as
ni  cos ,sin  cos ,sin  sin 
si   sin , cos  cos , cos  sin 
(15)
t
0,

sin

,
cos

i
(15)-1
using
spherical coordinates (See Fig. 2). The normal and
(15)-2
tangential
(15)-3 components of a grain-pair are then given as
n  i ni

w

(13)

and the time derivative of micro-scale free energy, Wα, is

W 
W    W   p
(13)
W     j 
Dj 
j
 j
D j
 jp

2.2 Grain-scale coupled damage-plasticity
relationships

(14)

Thus, employing appropriate formulation for the Helmholtz energy, Wα, and dissipation potential, ψα, we can
(14)
completely
describe the grain-pair force-displacement
relationships (using Eq. 12) and in turn, the classical stressstrain behavior of a granular system (using Eq. 8).


 ; where i  ij l j
i si  2  iti  2 

(16)

It should be noted that the subscripts n and w, refer to normal
and tangential components and they do not represent
(16)
vector quantities. Summation convention, therefore, does
not apply to them. The grain free energy and dissipation
potential are written as the summations of their normal and
tangential components, W  
Wn  Ww and   
 n   w .
To account for damage and plasticity, the normal and tangential components of inter-granular free energy take the
following form (Misra[65]
A. and Poorsolhjouy P., 2015a;
Poorsolhjouy P. and Misra A., 2017)

Fig. 2 Intergranular Force-Laws: (a) Grain-pair force-displacement curve in normal direction showing the tension-compression asymmetry typical of
cohesive grain interactions. (b) Grain-pair force-displacement curve in the tangential direction and inset schematic of an interface between two grains
and the global and local coordinate axes. Damage and stiffness parameters defining the grain-pair interactions are displayed on the graphs.
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1
2
Wn  En 1  Dn n   hnnp
2
(17)
1 
2
p




Ww  Gw 1  Dw  w   hw  w
2
(17)-1
Where E n and Gw are the grain-pair elastic stiffness, hn
and
hw are the grain-pair generalized forces, and np and
(17)-2
wp are the grain-pair plastic displacements in normal and
tangential[66]
directions,
[67] respectively. Normal and tangential
[68]
components
of
inter-granular
dissipation
potential
are
[70]
[69]
represented by the sum of the dissipations due to damage
[71]
and plasticity

 n Yn D n  Z n np  0
(18)

 w

Yw

D w  Z w wp  0

(18)-1
where
dissipation coefficients Y and Z denote generalized
forces that are conjugates of the inter-granular damage and
(18)-2dissipation, respectively. The forms assumed in
plastic
Eqs. 17 and 18 result in rate-independent form of damage
and plasticity as opposed to rate-dependent form that are
also relevant to certain granular systems (Giorgio I. and
Scerrato D., 2017; Misra A. and Singh V., 2014a; 2014b).
Substituting Eqs. 17 and 18 into Eqs. 10a and 10b rewritten
for normal and tangential directions one can find the dissipation coefficients, Y and Z, duals of inter-granular damage
and plastic displacements respectively.
Yn

1   2
1   2
E n n  sign D n  ; Yw
Gw  w  sign D w 

2
2
(19a)



 p

Z n h
hw sign wp 
n sign  n  ; Z w
(19a)

Cijkl 

1
V

Nc

kik l jll

(21)

1

where Nc is the total number of grain-pair interactions
within the material point. Total number of grain-pair inter(21)
actions can be calculated as half of the product of the total
number of grains, N, and the mean coordination number, z.
Using two new parameters, namely the volumetric number
density of grain-pair interactions ρc = Nc/V and the directional density distribution of grain-pair contacts, ξ(θ,ϕ),
this summation over all contacts can be transformed into an
integration over all different orientations as
π 2π

(19b)

Further, normal and tangential components of grain-pair
force vector can be found by substituting Eq. 17 into Eq. 7
(19b)
W 
 
f n
En 1  Dn  n

 k
n n
n
(20)
W 







fw
 k
Gw 1  Dw   w
w w
w
(20)-1
The details of particular forms of the damage functions
Dn and Dw and related parameters that are applicable to
(20)-2 granular materials have been described in details
cohesive
in our previous work and is therefore not repeated here
(Poorsolhjouy P. and Misra A., 2017). Fig. 2 contains the
force-displacement relationships, as well as schematic
curves of the functional forms of the force-laws. Moreover,
a selection of the major parameters used in the relationships
and their role in the force-displacement curves are depicted
in the Fig. 2. The tension-compression asymmetry of
grain-pair behavior and the post peak softening due to damage under grain-pair tension and shear is clearly illustrated.
The grain-pair tension-compression asymmetry is signif-
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icant in induced anisotropy evolution in granular systems
(Jia H. et al., 2017). Table 1 lists all the model parameters
and their numerical values used in this study. For more
details and implementation of loading-unloading-reloading
criteria, ratio between failure force in normal compression
to that in normal tension (captured in parameter R), effect
of grain-scale relative normal displacement on the grainscale damage parameter in shear direction (captured in
parameters α1, α2, and α3), the effect of confinement on the
compressive behavior of grain-pair interactions (captured
in the parameter α4), as well as the incorporation of permanent deformation in grain-pair interactions (captured
in parameters βn and βw), the reader is referred to (Misra
A. and Poorsolhjouy P., 2015a; Poorsolhjouy P. and Misra
A., 2017).
Substituting Eqs. 7 and 20 into the equation for Cauchy
stress (Eq. 8) and taking the strain tensor out of the summation, the equation for the fourth rank stiffness tensor can
be derived as

Cijkl = l 2 ρ c

∫ ∫ (kik n jnl ) ξ (θ, φ)sin θdθdφ
θ = 0φ = 0

Table 1

Model parameters used in this study.

(22)
Model Parameters

Value

T
Eno

3.5 kN/m

R

17.5

[73] (table=9pt)

Gw

1 kN/m

Bn

7E-10 m

Bnc

3E-9 m

Bwo

1.5E-9 m

α1

10.5

α2

7

α3

0.01

α4

0.05 MPa–1

βn

0.0

βw

0.6

l0

10E-6 m

ρc

1E18 mm–3

(22)
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where l is the average value of grain-pair branch length
even for grains of similar composition and shapes
in the whole RVE. Using the same approach, the Cauchy


 d2 
 d2 
stress will also be derived in the integral form as 
(26)
E
E
and
G
G

 n  2  n 1  
 w  2  w 1  
d
d




1
1
π 2π
σ ij = l ρ c ∫ ∫ ( f i n j ) ξ sin θdθdφ
(23)
where parameter β determines the relative scaling of grainθ =0φ =0
pair initial (unloaded) stiffness coefficients depending on
(26)
For more detailed description of the procedure used to
grain-size.
Considering size-effect laws discussed in the
transform the summations into integration see (Misra A.
literature (Cordero N.M. et al., 2010; 2012; Fredrich J.T. et
and(23)
Poorsolhjouy P., 2016c).
al., 1990), the numerical value of parameter β is expected
to be negative, that is the larger grains result in less stiff
2.3 Scaling laws for grain-size effect
grain-pair in comparison to smaller grains.
In addition, the complete force-displacement behavior
Let us consider two different granular materials whose
of a grain pair, particularly its failure behavior, will also be
average grain sizes are d1 and d2, where without loss on
scaled with the change of grain size. The following scaling
generality say d1 < d2, and the subscripts refer to the marelationships are introduced for those model parameters
terial type 1 and type 2. A set of size scaling relationships
that describe the relative displacement where the grain-pair
are hypothesized, inspired by the principles of renormalforces reach their peak


ization, to compare the two materials based upon physical
 d2 
 d2 


B
B
;
B
B








n 2
n 1
nc 2
nc 1 

 ;
arguments. For example, it is reasonable to expect that the
 d1 
 d1 
average grain-pair branch length of material 2 is related to
(27)

d 
that of the material 1, through the following simple scaling
Bwo  2  Bwo 1  2  ;
 d1 
(in the subsequent equations (Eqs. 24–28) the subscripts 1
and 2 will refer to the two granular materials and are not
Based on experimental results in the literature, it is
tensor quantities)
evident that coarser grains show a more ductile behavior,
(27) means they can store more energy. As a result, the
which
d 
l2  l1  2 
(24)
damage
parameter used in our model (in normal tension
 d1 
Bn, in normal compression, Bnc, and in tangential direction,
Similarly, the volumetric number density of grain-pair
Bwo) should be proportional to the grain size. That is, aginteractions, ρc, of the two types of granular materials
gregates of larger sizes will fail at a larger displacement.
(24)
can be related to each other through the following scaling
This implies that the size-effect parameter should have a
relationship
positive value, γ > 0.

Fig. 3 presents an illustrative parametric study to
d 
 c 2   c1  2 
(25)
demonstrate
how the size-effect parameters influence the
 d1 
grain-pair behavior. The schematic curves in Fig. 3 present
Where the exponent, α, can vary widely depending not
force-displacement relationships for normal interaction of
only
grain-pairs, under tension, for varying grain-sizes and for
(25)upon the average grain sizes but also the grain size
distributions as well as the packing density. The exponent,
varying size-effect parameters. The effect of the size-effect
α, will also depend upon the problem dimension (that is
laws on tangential interaction as well as the normal comwhether the granular material is a packing of 2D grains or
pressive interactions is similar and not presented here for
3D grains) and the grain geometry. For the ideal case of 3D
brevity. It is seen in Fig. 3a that negative β values lead to
packings of monodisperse spherical particles in a regular
stiffer behavior for smaller grains. It is also seen that by
closed-pack assembly, the exponent, α, will reach the lower
keeping β constant and increasing γ, smaller grains show
bound of –3 (negative 3). It is evident that the value of the
smaller energy storage capacities and smaller failure stress.
exponent α should be negative since the volumetric number
Inversely, keeping β constant and increasing γ results in
density of grain-pair interactions is inversely related to
larger grains showing a more ductile behavior.
grain size. Calibrating the value will be complicated for
It is also observed (from both Figs. 3a and 3b) that for
random packings of cohesive particles with irregular gepositive values of γ, if γ = –β, smaller grains show larger
ometries and complex particle size distributions. However,
stiffness, however, they fail at the same force value and
smaller displacement values compared to larger grains.
the exponent will be bound within the bound –3 < α < 0.
Further, the deformation behavior of grain-pair depends
Accordingly, larger grains have a more ductile behavior
not only upon the grain-shape, its surface characteristics
and a larger work of failure (more energy storage capacity)
as well as the cohesive mechanisms, but also on the size
which is in agreement with typical empirical observations
reported in the literature.
of the grain. While the grain size dependence of grain-pair
It is noted that here that the choice of parameter set
stiffness is complex, the following size scaling is expected
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Fig. 3 Parametric Studies: Investigating the effects of size-effect parameters on the behavior of contacts in normal tension. Force-displacement curves
for constant grain size and varying model parameters (a) and force-displacement curves for varying grain sizes with constant model parameters, (a).
Model parameters used in (b), β = –1 and γ = 1, are those used in the analysis. Normal interactions in tension are chosen as examples to show the effects
of size effect parameters on stiffness and damage.

for simulating the behavior of the specific material
investigated in this paper, was done by considering the
macroscopic behavior of the material. At the macroscopic
level, combining (i) Eq. 20, which describes the mathematical form of the grain-pair stiffness coefficients as function
of the stiffness and damage parameters, (ii) Eq. 24, which
describes the effect of grain sizes on the magnitude of the
branch vector, and (iii) Eq. 26, which describes the effect
of grain sizes on the volumetric number density of grainpair interactions and substituting them into Eq. 22 which
derives the macroscopic stiffness tensor, we can derive
the ratio between initial macroscopic stiffness tensor of a
material with grain size of d2 to that of a material with grain
size of d1 as follows

Cijkl  2
Cijkl 1

  2
 2c 

  0  0


l2 
  kik n j nl   ( ,  ) sin  d d 
2

 2


l1 2 1c    kik n j nl   ( ,  ) sin  d d 
  0  0
1
2

2





d  d  d 
  2  2  2
 d1   d1   d1 

(28)
since
(28)the magnitude of the branch vector, l, is scaled linearly with size, volumetric number density of grain-pair
interactions, ρc, scales with grain size through exponent α,
and the initial stiffness coefficient of interacting grains at
the unloaded state is scaled by β. Accordingly, the initial
macroscopic stiffness tensor of a material with grain size
d2 can be derived as a function of the stiffness tensor of the
material with grain size of d1 as follows

d
Cijkl  2  Cijkl 1  2 
 d1 

2   

(29)

It should be noted that this simple close-form solution
is only available for the components of stiffness tensor at
(29)
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the initial (virgin) state. Once the material is subjected to
loading, every grain-pair will experience a unique history
of relative displacements according to its direction and
therefore its force-displacement relationship will be scaled
in a nonlinear manner dictated by Eq. 27. As a result, the
macroscopic behavior, represented by the evolution of
macroscopic tangent stiffness tensor, will be scaled by
grain size in a nonlinear fashion which depends on the
loading path. In what follows, numerical results of the effects of changing grain size on the stress-strain behavior of
a specific granular material is presented to demonstrate the
effectiveness of the model and the scaling laws presented.

3. Results
Inspired by the experimental results presented in
(Fredrich J.T. et al., 1990), the enhanced GMA based
model described in section 2 was applied to simulate the
conventional triaxial behavior of cohesive granular materials for a range of grain sizes. The nominal grain sizes of
for these simulations ranged from 0.02 m to 0.00001 m.
Furthermore, the confining pressure for these conventional
triaxial simulations ranged from 0.0 MPa to 400.0 MPa.
In these simulations, the parameter values used in our
previous work on cohesive granular materials (Misra A.
and Poorsolhjouy P., 2015a; Poorsolhjouy P. and Misra A.,
2017) are used (See Table 1).
Calibration of size-effect parameters was done by investigating their combined effect on the grain-scale behavior
as well as the macroscopic continuum level behavior. By
considering the physical meaning of each of the exponents,
as it was already discussed in Section 2.3, it is clear that
α < 0, β < 0, and γ > 0. However, the choice of the exact
value of the parameters is done based upon their combined effect in the overall behavior of the material and by
mimicking experimental results. In this paper, we calibrate
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model parameters based on the experimental results presented in (Fredrich J.T. et al., 1990). We first observe that,
for the material under consideration, the initial stiffness
coefficients are inversely related to grain-sizes. Considering this and using Eq. 29, it is clear that for this material
we need to confine the size-effect parameters such that
2 + α + β < 0. However, it is also seen in (Fredrich J.T. et
al., 1990) that this inverse relationship is not very strong
and therefore, |2 + α + β| should be a small number.
Once these the limits stated above are set, the calibration
of the exact values of the parameters, is done by comparing
the model results to the stress-strain curves for conventional
triaxial test under different confining pressures for materials with different grain sizes. Just like in the grain-scale
(as shown in the parametric studies in Fig. 3), the effect of
size-effect parameters on the macroscopic behavior of the
material is also complicated. Accordingly, the choice of the
parameters used in this study and for the material under
consideration (presented in Table 2) is done for deriving
an overall fit between the results. A detailed investigation
of the influence of the various parameters remains a topic
for further research and investigation.
The simulated conventional triaxial compressive experiments are typically performed in two, sequential phases. In
the first phase, termed as the confinement phase, the material specimen is subjected to an incrementally increasing
hydrostatic confinement to the desired confining pressure,
such that (σ11 = σ22 = σ33 = σconf). In the second phase, the
material specimen is subjected to deviatoric loading by
incrementally increasing the stress in the vertical direction.
In this deviatoric phase, the vertical strain, ε11, is increased
while the two horizontal stresses (σ22 and σ33) are kept
constant.
It is well known for cohesive granular materials that increasing confinement results in increasing the material tangential stiffness as well as the failure stress under triaxial
loading. The simulations described in this paper, show that
reducing grain-size can also result in increasing stiffness
and failure stress. For a clear visualization, the results of
the triaxial compression simulations are categorized into
two cases: Case 1 for small confinements (0.0, 5.0, and
20 MPa), and Case 2 for large confinements (50, 100, 200,
and 400 MPa). This distinction has been made to highlight
the significant change in the nature of stress-strain relationship as the confinement becomes larger than a value lying
between 20 and 50 MPa. The different natures of the stress-

Table 2 Size effect parameters.

Size effect Parameters

Value (unitless)

α

–1.2

β

–1.0

γ

1.0

strain relationship are clear from the plots given in Figs. 4
and 5 for the two cases. In Fig. 4, we give the evolution of
the deviatoric stress, q = σ11 – σconf, as the applied vertical
strain, ε11, is increased for granular materials of different
grain sizes for the case of small confinements (< 20 MPa).
Further, in Fig. 5, we show the same set of results for
granular materials of different grain sizes for the case of
large confinement (> 50 MPa). It is clear from Figs. 4 and
5, that both the stiffness and strength increase as the grainsizes decrease. Moreover, this stiffening and strengthening
effects are greater at the higher levels of confinements as
seen from Fig. 5.
More importantly, the results in Figs. 4 and 5 illustrate
the transition in the nature of stress-strain behavior from
“brittle failure” to “ductile failure”. The observation that
failure behavior transforms from brittle to ductile with
increasing confinement is well-known from experiments
(Bažant Z.P. et al., 1996; Mahboubi A. and Ajorloo A.,
2005; Sfer D. et al., 2002) as well as from simulations
using GMA that support the experimental results (Misra
A. and Poorsolhjouy P., 2015a). A clear peak in the
stress-strain relationship, defined by the point at which
the stiffness (slope of the stress-strain curve) reaches zero,
characterizes brittle failure. On the other hand, the lack
of a peak but a clear change in slope of the stress-strain
curve characterizes a ductile failure. Granular materials
showing ductile response have a yield point (defined here
as the stress and strain point at which there is a significant
reduction in stiffness), followed by ideal plastic behavior or
a hardening-type behavior.
As expected for a given grain size and changing confinement, the simulation results presented in Figs. 4 and
5 confirm the above observations. It is noteworthy, however, that the transition from brittle to ductile failure can
also be affected by decreasing the grain size for a given
confinement as explicated in both Figs. 4 and 5. Indeed,
if we examine the behavior for different grain sizes at
20 MPa confinement given in Fig. 4, we can observe that
for grain sizes d > 0.0001 mm, there is a clear peak in the
stress-strain curves which implies a brittle failure. We note
that in this context, the term “brittle failure” signifies a
loss of ability of the material to support additional stress.
The described “brittle failure” is distinct from the term
“brittle behavior”, which, as opposed to “ductile behavior”,
implies a low capacity to store energy (i.e. a low work of
failure). In contrast, for the same confinement (20 MPa), a
“ductile failure” can be observed in Fig. 5 characterized by
a yield point followed by strain-hardening for the material.
The transition between brittle and ductile failure happens
for material with smaller grain sizes of d ≤ 0.0001 at a
confining pressures between 5 MPa and 20 MPa (see Fig. 4
for d = 0.0001, 0.00002 mm and 0.00001 mm). For larger
grains, this transition is observed at confinement between
20 MPa and 50 MPa as seen from comparison of results in
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Fig. 4 Stress-Strain in Small Confinement: Evolution of the deviatoric stress, q = σ11 – σ 22, during triaxial loading (application of ε11) for initial confining pressures of 0.0, 5.0, and 20.0 MPa for all different grain sizes.

Figs. 4 and 5. This transition from brittle to “ductile failure” is also observed experimentally as seen in (Fredrich
J.T. et al., 1990).
The above observation can be further elucidated by
investigating the evolution of failure stresses and yield
stresses with the grain-sizes. For the case of small confinements, we can identify a failure point as the peak of
the stress-strain curve. Fig. 6a gives a plot of the failure
deviatoric stress versus grain sizes for small confinements.
On the other hand, for large confinements, it is possible
to identify a yield deviatoric stress as the point of rapid
slope change of the stress-strain curve. In Fig. 6b, the yield
deviatoric stress is plotted against grain sizes for large
confinements.
For both the failure and yield stress we see a clear trend
of inverse relationship with grain sizes from Figs. 6a
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and 6b. Interestingly, both failure stress and yield stress
increase proportionally with increasing 1/ d as a good
approximation (note the values of R-squared in the graphs).
It is remarkable that the same linear patterns describing the
[72]on 1/ d has
dependency of the failure and yield values
been observed experimentally for granular geomaterials
(Fredrich J.T. et al., 1990). The inverse relationship of
[72] finite
yield stress with grain-size have been shown through
element modeling using generalized continuum models
(Cordero N.M. et al., 2012) as well as experiments (Jia D.
et al., 2003).
Finally, it is interesting to investigate the effect of
grain-sizes on the evolution of lateral deformations during
triaxial tests. In Fig. 7, the evolution of volumetric strain
(εv = εii = ε11 + ε22 + ε33) is plotted against the applied vertical strain, ε11, during the deviatoric phase. In these plots,
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Fig. 5 Stress-Strain in Large Confinement: Evolution of the deviatoric stress, q = σ11 – σ 22, during triaxial loading (application of ε11) for initial confining pressures of 50, 100, 200, and 400 MPa for all different grain sizes.

the compressive volumetric stress is shown as positive as
is standard in granular mechanics. These results show that
increasing grain size (as well as increasing confinement)
result in a transition from dilation to compaction during
triaxial testing. Triaxial tests with low confinement experience compaction (compressive volume strain) over a
small interval of axial strain before transitioning to dilation
(tensile volume strain). For larger confinement, however,
the volumetric strain evolution tends towards compressive
region. In fact, for very large confinement, no dilation is
observed and the volume monotonically decreases as the
loading progresses.
More importantly, these results show the clear effect
of grain sizes on the volumetric strain evolution. As grain
sizes decrease, the volumetric strain evolves increasingly
to the tensile region. Indeed for the smallest grain size

(d = 0.00001 mm) used in the simulations, the volumetric
strain if found to be tensile for all the simulated confinement levels. These results predict that granular materials
composed of small grains tend to be more dilative than
those composed of large grains. Moreover, the dilative
behavior of small-grained materials appears to have limited
effect of confinement (particularly for the granular system
simulated in this work). We note that in the present study,
the focus upon dense cohesive granular materials such as
rocks, concrete, and other cementitious materials, in which
the effect of initial density variation on the volumetric
strain is typically limited. It is noteworthy though that in
the present model the effect of initial porosity is incorporated within the parameters of grain-pair interactions.
Here, we have evaluated the effect of confining stress
on volumetric strain for different grain sizes as shown in
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Fig. 6 Failure/Yield Stress vs. Size: Change of failure stress for lowly confined cases, σconf ≤ 20 MPa, and yield stress for highly confined cases, σconf
> 20 MPa by change of grain size.

Fig. 7 Volumetric Strain Behavior: Evolution of volumetric strain during deviatoric loading for all different sizes and different initial confinements
(0, 5, 20, 50, 100, 200, and 400 MPa). Curves for higher confinements (50 MPa to 400 MPa are too close to distinguish). Note that in these plots compression is taken as positive.

Fig. 7. The effect of initial porosity can also be evaluated
for similar materials with varying initial porosities.

4. Summary and conclusions
The described work represents an effort to systematically
investigate the influences that grain-sizes have upon the
macro-scale or collective response of granular systems
with very large number (> 106) of grains. It was shown that
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the GMA based model for damage and plasticity of cohesive granular materials, which was previously derived and
validated by the authors, can be enhanced to incorporate
the effects of grain size. To this end, a micromechanical
viewpoint is utilized to implement the grain-size effect. The
set of scaling laws was incorporated into the GMA based
model. These include scaling laws for: volume density of
grain-pair interactions, grain-pair branch lengths, grainpair elastic stiffness in normal and tangential directions,
and the grain-pair damage parameters in normal and
tangential directions. In the presented modeling approach,
these microscopic (grain-scale) scaling laws are found to
profoundly influence the macro-scale stress-strain response
of a granular system.
The derived model is applied to simulate triaxial compressive tests for cohesive granular materials for a range
of grain sizes and confinements. The simulation results
demonstrate that reduction in grain size results in a stiffer
stress-strain behavior, a transition from brittle to ductile
type of failure characterized by peak or yield points in the
stress-strain curves, and an increase in the failure and yield
stresses. These effects, in some ways, mirror the behavior
of granular materials for a given grain-size with change
in confinement. It is remarkable, therefore, that change
of grain-sizes show similar variation in the material macro-scale behavior. Furthermore, the volumetric behavior
of the samples are also seen to depend, in addition to the
amount of initial confinement, on the grain sizes. Samples
of smaller grain sizes demonstrate more tendency towards
dilation (tensile volume strain) compared to samples of
larger grain sizes. At very small grain sizes, no amount of
compaction is sufficient to keep the volumetric strain in
compressive domain. Future work will consider further
details of the effect of grain-size on deformation and failure
mechanism of granular system, including the formation of
shear, compression-tension or mixed-model localization
bands and their orientation with respect to the loading
directions.
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Nomenclature
Bn, Bw

damage parameters in the normal and tangential
directions

Cijkl

fourth rank stiffness tensor

d1, d2

grain-sizes

Di , D n , D w

grain-pair damage vector and normal and tangential components

Dij

continuum damage tensor

En

normal stiffness parameter

f i , fn , f w

grain-pair force vector and normal and tangential
components

Gw

tangential stiffness parameter

kij, kn, kw

grain-pair stiffness tensor and normal and tangential components

li , l

grain-pair branch vector and branch length

ni

unit vector in the direction of grain-pair branch
vector

N

total number of grain

Nc

total number of grain-pair interactions

R

compression-tension ratio

si

unit vector on the plane orthogonal to grain-pair
branch vector forming

ti

unit vector on the plane orthogonal to grain-pair
branch vector forming

W, Wn, Ww

macro-scale, normal and tangential grain-pair
Helmholtz free energy density

Y

generalized force conjugate to grain-pair damage

Z

generalized force conjugate to grain-pair plastic
displacements

α

size scaling parameter for grain-pair volumetric
number density

α1, α2, α3, α4

model parameters controlling damage

β

size scaling parameter for grain-pair initial
stiffness

γ

size scaling parameter for grain-pair damage
parameters

δi , δ n , δ w

grain-pair displacement vector and normal and
tangential components

εij

infinitesimal strain tensor

ϕ

spherical coordinate

σij

Cauchy stress tensor

θ

spherical coordinate

ψ, ψn, ψw

macro-scale, normal and tangential grain-pair
dissipation potential
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Abstract
The simulation of grinding mills with the discrete element method (DEM) has been advancing. First, it emerged as
a method for studying charge motion with spherical balls and predicting the power draw of the mill. Subsequently,
studies on liner wear, charge motion with ellipsoidal and polyhedral shaped particles simulated with three
dimensional DEM followed. Further, the impact energy spectra computed in the DEM algorithm is leading to the
development of models for the breakage of brittle particles in mills. The core elements in such simulations are the
shape of particles in the mill charge and the power draw of the mill due to operating variables. To advance the
field, we present a set of experimental data and the corresponding DEM validation results for a 90 × 13 cm mill.
The DEM algorithm uses the volume-overlap method which is more realistic for multifaceted irregular particle
collisions. Further, we use the scanned shape of the rock media and multifaceted spherical shape for the grinding
media to represent as close as possible the actual charge in the mill. First, we present DEM validation for spherical
grinding media-only experiments, rock-only experiments, and a mixture of spherical grinding media and rocks, as
well as aluminum cubes only to represent the theme of particle shape. Finally, a discussion of the contact mechanics
parameters in the four modes of experiments is given. Since the feed ore to plant scale mills can vary in shape, mill
simulations with scanned shape of typical particles are the future for more accurate results.
Keywords: DEM, discrete element method, polyhedral, simulation

1. Introduction
In hard rock mining and metal production, the grinding
unit operation follows stages of crushing mined ore. Naturally, occurring ores contain metal-bearing minerals. The
purpose of grinding is to liberate metal-bearing mineral
grains from the host particles. Next, the valuable mineral
particles are recovered in subsequent processes. Since the
grade of metal values in ores is in the range of one percent
or less, thousands of tons of ore are milled every hour. As
a result, the grinding mills are massive in size requiring a
few megawatts of power to operate. Being such an energy
consuming operation, grinding mills have been studied by
researchers around the world to improve energy efficiency.
Since the mills are massive in size, the tumbling environment inside the mill is very harsh, defying any attempt at
quantifying the charge dynamics with sensors. However,
†
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laboratory-scale experiments have been done tactfully to
provide information on power draw and charge profiles of
material inside the mill. One of the critical needs in milling
is to understand charge flow inside the cylindrical mill
shell. Since the internal forces produced inside the charge
mass are the cause for particle size reduction, this study has
fallen under the realm of the numerical methods known as
the Discrete Element Method (DEM) (Tavares et al., 2020).
It provides a direct numerical simulation of the motion of
thousands of particles tumbling inside the cylindrical mill
shell, and besides, the forces acting on the particles can be
used to model particle breakage. Djodjeric et al. (2006)
studied the competency of large pieces of rocks in an AG
mill with DEM. They presented charge pressure due to
normal forces acting on the bed of rock to account for the
breakage or non-breakage of rocks.

1.1 Grinding mills
Almost every mining plant operation employs either
a Semi-autogenous (SAG) or Autogenous (AG) mill,
followed by ball mills. Since SAG and AG mills are capable of performing the size reduction of one or two-stage

Copyright © 2022 The Authors. Published by Hosokawa Powder Technology Foundation. This is an open access
article under the CC BY license (https://creativecommons.org/licenses/by/4.0/).
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crushing size reduction circuits, they are found extensively
in many mineral ore processing operations. The product of
SAG or AG mills is represented by size, called “transfer
size”, which is in the range of few millimeters. Material
contained in these sizes is suitable for further size reduction
in ball mills to a size of 100–200 μm. Typical SAG mills
are 9–12 m in diameter. The top size of feed ore to SAG/
AG mills is around 10–35 cm. These mills usually operate
with a screen deck at the discharge end to recycle the
coarse portion of the material back into the mill.
AG mills take advantage of the weaker competence of
the ore to break them. The ore particles impact directly
against the mill shell and break readily. This mode of
breakage is called self-breakage, and only a few ore
deposits around the world are amenable for breakage in
AG mills. In SAG mills, in addition to self-breakage, the
grinding balls due to their greater density add to ball-torock impact breakage. Besides these two major modes of
impacts, the grinding action includes attrition grinding or
chipping of sharp edges. The entire system of grinding
modes is influenced by design factors such as liners, lifters,
grate opening, operating conditions (mill filling and speed),
and ore hardness.

1.2 DEM simulation of grinding mills
It is apparent from the foregoing that real-world particles
are irregular in shape. However, early numerical DEM
studies began with spherical shapes, partly because they
are the easiest to model collisions numerically (Mishra and
Rajamani, 1990; 1992; Cleary, 2001; Cleary et al., 2003;
Morrison and Cleary, 2004). Although, researchers in the
DEM field recognized the importance of particle shape,
yet the cost of computational time-restricted them to basic
spherical shape and its close variants. The earliest of these
were shapes generated with superquadrics algebra. During
milling, particles with high angularity lose their sharp edge
readily mainly due to chipping and abrasion, not to mention
these sharp edges are the weakest in the modes of breakage.
Hence, superquadrics in a preliminary sense were well
adapted to simulate such rounded particles. Rothenburg
and Bathurst (1991) presented a DEM algorithm for contact detection and collision of elliptical particles in the simulation of micromechanics of granular assemblies. Hopkins
et al. (1991) used polygonal shape particles to create a
two-dimensional of rocks and sea ice blocks to simulate
the formation of multilayers floes. Potapov and Campbell
(1996) created a three-dimensional technique to simulate
the brittle solid fracture by “gluing” together convex
polyhedral particles. Realizing the need for non-spherical
shapes in DEM, Latham et al. (2008) published a library
of three-dimensional shapes. Cleary (1998) was the first
author to introduce superquadrics for the DEM simulation
of grinding mills. This author (Cleary, 1998) described the

simulation of a 5-m diameter ball mill in detail including
particle segregation, collisional force distributions, and
liner wear. Delaney et al. (2010) went a step further using
superquadrics in the simulation of particle breakage in
comminution processes: a set of smaller particles were
packed inside a superellipsoid, and the superellipsoid was
made to break upon experiencing a certain energy limit
releasing the smaller particles representing the breakage of
the larger ellipsoid. Besides the spherical grinding media
in ball mills, a shape termed “cylpebs” was developed to
produce improved media packing in the tumbling mill
charge. Kiangi et al. (2013) used DEM simulation spherical
and multi-faceted polyhedron shapes to predict the load
and power draw in a pilot-scale mill filled with spheres and
cylpebs. Xu et al. (2019) using the superellipsoid particle
model studied the effect of spherical and cuboidal particles
on the wear of a mill. Realistic DEM simulations of plant
size grinding mills require particle filling in the millions.
Govender et al. (2015) showed how graphic processing
unit (GPU) computation can speed up 3D DEM simulation
of mill charge. The framework for such high-performance
computing is described in Govender et al. (2016). This was
followed by the introduction of irregular shaped particles
such as scaled hexagonal prisms, truncated tetrahedra,
cubes, and other shapes in GPU-based DEM computing.
Govender et al. (2018a) presented the grinding mill simulation of regular polyhedral particles such as cube, tetrahedra,
hexagonal prism, Biluna, and mixed polyhedral particles.
This study investigated the role of particle angularity and
aspect ratio on power draw. In particular, the normal and
shear energy dissipation components on the power draw
were shown to differ depending on the shape of the particle.
Particle shape and angularity contribute to interlocking and
shear slippage between particles (Govender et al., 2018b)
for the study of particle mixing. The next logical choice
for irregular particles was a cluster of spheres or clumped
spheres. Like superquadrics, this object too was amenable
to easier collision detection (Latham et al., 2008), since at
the time of contact only a pair of spheres in the outermost
periphery of colliding objects are involved. Hence, the
problem reverts to spherical particle collision. This cluster
of spheres particles model is adopted in the commercial
software EDEM (2011).
There have been numerous studies of DEM applied to
the simulation of grinding mills. Some have even applied
smoothed particle hydrodynamics (Cleary et al., 2006;
2008) to describe the motion of ore particle slurry along
with the motion of larger DEM particles. The single most
advance in DEM modeling of grinding mills is the use of
collision energy spectra (number of collisions of an energy
class versus collision energy) to predict the breakage
rate of brittle ore particles (Tavares and Carvalho, 2009).
Tavares and Carvalho (2009) described the breakage
rate of coarse particles taking into account direct impact
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breakage of particles by grinding media as well as the
weakening of particles by repeated collisions. In a review
paper on this subject, Tavares (2017) describes the evolution of microscopic particle breakage rate models from
the 1980s to recent advances such as the detailed models
of breakage probabilities as a function of impact energy,
body and surface breakage, mass of powder caught in
each collision, weakening or damage of particles due to
repeated collisions, and the incorporation of these models
in DEM. In this manuscript, we present a DEM simulation
of non-spherical or polyhedral shaped particles tumbling in
a laboratory-scale mill. In particular, the scanned polyhedral shapes of rock particles are used in DEM simulation.
This study demonstrates that mill power draw can be
modeled directly with a mixture of spherical and polyhedral particles. Laboratory-scale measurements of power
and captured images of charge motion are compared with
DEM simulation done with Blaze-DEM GPU framework
software. The method of modeling irregular particles is
presented followed by experimental and simulated results.
The novelty of this study lies in the fact that the introduction of real rock shapes mixed in with spheres allows
improved charge motion representation in DEM simulation
of grinding mills. We show the actual scanned polyhedra
shapes can lead to accurate prediction of the power draw
and charge motion in the tumbling mill. This work paves
the way forward for the simulation of plant scale SAG/AG
mills using actual large rock shapes passing through these
mills.

2. DEM Computing
The simulation of few thousands of particles in DEM
is relatively less cumbersome and can be done readily in
single-core central processing units (CPU). For hundreds
of thousands of particles, parallel computing on multi-core
CPUs can be done in a reasonable time frame. However,
when millions of particles are simulated, it takes several
days of computing for a mere 1 second of real-time on
CPUs. Hence, the next step in the development of the DEM
framework is the use of graphic processor unit (GPU)
computing that has become readily available in the last ten
years and which is going to increase in popularity due to
many software advances. Today’s GPU offers 24–48 GB
of memory and hence handling millions of particles is not
a problem. However, DEM requires more severe memory
transactions compared to mere numerical computations.
These transactions become an order of magnitude higher
when computing with polyhedral particles with the number
of faces as large as thirty-two. Hence, DEM algorithms
must be extremely efficient even with GPU computing.
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2.1 Blaze-DEM framework
Blaze-DEM is a GPU-based computational framework
for the discrete element methodology (Govender et al.,
2016). The evolution of this code has been described in
previous publications and we present a few details about
the simulation results here. The first feature is that the simulation object geometry can be represented using typical
CAD geometry (STL format). This feature is especially
useful in importing, for simulation, mill geometry with liners, lifters, grate plates, and pulp lifters in STL format. The
code implements “world” objects, to indicate the process
vessel under simulation, in this case, a primitive cylinder.
Besides, the world object accommodates STL files depicted
in triangulated geometry. Next, volume objects in the code
can accommodate liners, lifters, grate plates, and pulp
lifters. Finally, the material object includes steel spheres
and rock particles of different shapes and solid densities.
These objects are represented as convex polyhedral shapes
joined by planes.
Contact detection is a key feature of DEM. The usual
approach is to compute the distance between the center of
mass of two colliding objects comparing it to the distance
between the two foremost colliding surfaces. Blaze-DEM
uses a unique approach named “ray-tracing” in which independent rays (computational threads) are projected from
each vertex of polyhedron or center of mass of spheres
to check if there is contact with the other surfaces. The
ray-tracing algorithm is common in computer graphics.
This approach is very convenient to detect contact between
two polyhedra since polyhedron is just a collection of
surfaces. More details of contact detection involving broad
phase, narrow phase, and detailed phase of contact detection are found in Govender et al. (2018).

2.2 Contact mechanics
The mechanics used in the collision between two polyhedra is much different from that commonly used in a pair
of colliding spheres. With spheres, the virtual penetration
distance is the primary quantity from which forces are
estimated in various ways. Herewith polyhedra, the forces
are calculated from overlapping volumes (Govender et al.,
2018). The advantage of contact volume is that both the
direction and magnitude of forces can be resolved with
an energy-conserving contact scheme (Govender et al.,
2019). The contact scheme is illustrated with a cube and a
polyhedral particle colliding with a larger cube, shown in
Fig. 1. The intersecting volume is a convex hull formed by
the vertices at the intersections between the cube’s edges
and polyhedron surfaces.
Computing the volume of a convex hull, with a computationally efficient algorithm is not a trivial task. The details
of volume computing are given in Govender et al. (2018a;

Alberto M. Puga et al. / KONA Powder and Particle Journal No. 39 (2022) 208–218

Fig. 1 Intersecting vertices of overlap and volume overlap between
cubes and polyhedron.

‘break contact’ or terminate contact calculations when the
normal force changes direction and is turned inward toward
the contact. However, by limiting the contact time, conservation of energy is maintained. Contact time is usually
chosen as multiples of computational time steps depending
on the properties of the pair of materials in contact.
Tangential contact: Although there are many variations
of the spring-dashpot model for tangential contact, the best
one that produces consistent mill simulation results in the
history-dependent tangential contact proposed by Cundall
and Strack (1979). The current time step tangential force is
calculated by Eqn. (6) and Eqn. (7).
(6)

Ft spring  K t Vt Δt +Ft '

2018b; 2018c). First, the bounding surfaces and their
respective normal are determined. Using Green’s theorem,
the triple integral of the volume is computed with double
integration as a summation over the computed areas.
The simulation shown here involves a few hundreds of
polyhedral rock particles and multifaceted steel spheres. As
detailed above, even for a few hundred particles, contact
detection, and computing intersecting volume becomes
an intensive computational task. Besides, the simulations
were carried out for eight complete revolutions of the mill
cylinder. These computations took a few hours of computing time with an Intel Core i7-6850K 3.6 GHz with an
NVIDIA GeForce RTX 2060 GPU.
Normal Contact: The well-known linear viscoelastic
spring dashpot model is found to reproduce grinding mill
results (Rajamani et al., 2000). The spring force that stores
energy and the dissipative force that dissipates energy are
given by Eqn. (1) and Eqn. (2), respectively.
1

Fn spring  (K n Δν 3 )nˆ

(1)

Fn dash  Cn VR nˆ nˆ

(2)

where
(1) Kn is the spring stiffness ( ms ), n̂ is the normal
direction along which the force acts, Cn is the damping
(2)
coefficient
( Ns ), ν is the intersecting volume and VR is
m
the relative velocity between contacting (22)
polyhedra. In the
(21)
simulation results presented here following refinement of
spring constant Kn and dashpot constant Cn were used.
(23)
meff
Kn  2
ln(ε) 2 + π 2
(3)
t contact
Cn 
(3)

2ln ε K n meff
2

(4)

ln ε + π 2

1

(7)

(6)

where Ft ' is the tangential force existing in the contact
at the previous time step, but projected onto the current
(7)
tangential
plane and Vt is the relative tangential velocity.
It should
(24)be mentioned implementing history dependence
in GPU architecture is a formidable task since contact detection among millions of particles is done with a hashing
algorithm. It is nearly impossible to synchronize a particular previous instant contact with the current one in hashing
algorithms.
Power Calculation: The verification of DEM prediction
for grinding mills relies on mill power prediction. In addition, a comparison of the experimental charge profiles with
simulated profiles offers additional proof. Unfortunately,
measurement of stresses on mill shells or lifters is only possible under very particular conditions in the laboratory and
pilot-scale mills. The total energy consumed in a collision
is simply the energy dissipated in the numerous collision
events. Therefore, the power is calculated by summing all
the dissipated energy over one full revolution of the mill,
given by Eqn. (8).
k

(8)

E  i (F dashpot Δx)

The Fdashpot force defined in Eqn. (2) and Eqn. (7),
respectively, and ∆x refers to the distance over which the
(8)
dissipative
force acts in each collision. In this intersecting
1
volume approaching ∆x in the value Δν 3 . Finally, the estimated power is given by Eqn. (9).
E

(9)

P
t rev

where ϵ is the coefficient of restitution, and meff is the effective
(4)mass of colliding bodies, which is given by Eqn. (5).
1 
 1
meff  
+

m
m
 1
2 

Ftdashpot  min C tVt , μFnspring+dashpot  +Ft '

(25)

where trev is the time for one revolution. It is customary to
run the simulation to about eight revolutions and take the
(9) power over the last few revolutions.
average

(5)

The common practice in contact force calculations is to

%%%%%%%%%%%%%%%%%%%%
(5)
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3. Experiment work and Blaze-DEM
validation
In this paper, we validate the volume-based polyhedral
contact model with a history-dependent tangential model
via experiments in a tumbling mill. First, we show the
validation for the mill running with spherical steel balls,
next with rocks, and finally with a mixture of steel balls and
rocks. In addition, an experiment with aluminum cubes is
also included for model validations.

3.1 Experimental setup
We used a laboratory-scale slice of a mill fitted with
a clear plexiglass front plate for capturing the motion of
the charge with a camera. The mill is 90 cm in diameter
and 13 cm in internal length (15 cm including front and
back plates). The mill is fitted with eight square lifters
with a cross-section of 4 × 4 cm. The grinding media were
5.08 cm steel balls of density 7859 kg3 . The irregular ore
m
particles had a length dimension in the range of 3 and 5 cm
and a height dimension in the range of 3 and 4 cm. The mill
is fitted with a torque sensor on the drive shaft attached to
(26)

the cylinder to measure the power drawn by the charge.
Thus, the energy losses in the electric motor, are avoided.
Ore particles: Rocks from a local quarry were used in
these experiments. These rocks were chosen for their high
hardness because they did not break during experiments
retaining the integrity of their shape. To characterize the
shape of the rocks, four rocks were chosen randomly,
shown in Fig. 2. Although it is possible to map the threedimensional shape with laser scanners, we needed to have
fewer faces in the polyhedral representation. Otherwise,
the simulation would take unusually long compute times.
The rocks were placed in a three-dimensional graduated
cardboard axis frame. First, the rocks were triangulated
with a pen as well as possible. Next, the x, y, and z coordinates were measured with a ruler and the axis frame.
Finally, the polyhedral particle was reconstructed in CAD
software. We only expect to get an approximate polyhedron representation of the rock’s shape. Fig. 2 shows the
reconstructed polyhedral shapes. It is our view that a much
higher shape resolution is not necessary for tumbling mill
predictions. These shapes are referred to as PolyA, PolyB,
PolyC, PolyD, PolyE, and PolyF in the simulations. The
kg
measured density of the rock was 2636 m 3 . Grinding
balls: The diameter of the balls was 2 in and only one single
size was used in all the experiments.

(26)

4. Experimental results and DEM validation

Fig. 2 Four random rock particles a, b, c, and d on the left, and their
polyhedral representation on the right.
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As a prelude to experimental results in milling, it is
useful to understand the general picture of the charge shape
inside the mill. Due to the presence of lifters, the charge in
contact with the mill shell moves at the same velocity as the
mill shell except for slippage of charge in between the lifters. The particles leaving from the shell at the shoulder of
the mill executed a parabolic trajectory. These trajectories
meet the mill shell on the other side of the mill. To describe
different locations on the mill shell, we use the ubiquitous
mathematical notation depicted (on Fig. 3) of angle increasing counterclockwise from the x-axis, reaching 90° at
the positive y-axis, and gradually increasing to 180° at the
negative side of the x-axis followed by 270° at the negative
y-axis, where the mill’s center is the origin for the x-axis
and y-axis frames. At a higher percentage of critical speeds,
the particles leaving the shoulder may strike in the vicinity
of 180° or even higher at 150°.
The fully cascading charge shape has a bi-linear shape
for the free surface above the charge. The free surface starts
in between 210° and 240° marks, termed “toe”, rising at
a shallow angle, to the inflection point near the center of
the mill, and then the charge rises steeply to the shoulder
position, which is around 30° to 60° mark. This profile is
entirely directed by the mill filling volume. Between the
mill shell and charge surface, there is a layer traveling

Alberto M. Puga et al. / KONA Powder and Particle Journal No. 39 (2022) 208–218
Table 1 Simulation parameter for Case 8, P2P indicates particle-particle
and P2W indicates particle-wall settings.

Parameter

Symbol Value

Normal Particle Stiffness

Kn

4 × 106

N/m

Tangent Particle Stiffness

Kt

3 × 106

N/m

Damping Coefficient

C

0.01

Coefficient of Restitution (P2P)

ε

0.85

Static Friction (P2P)

μs

0.7

Kinetic Friction (P2P)

μk

0.7

Coefficient of Restitution (P2W)

0.7

Static Friction (P2W)

0.6

Kinetic Friction (P2W)

0.6

Time Step

∆t

1 × 10 –4

Unit

s

Fig. 3 Description of the definition of shoulder and toe in the charge
profile.

upward followed by layers cascading downward. Between
these two layers, there are a few layers of particles that are
nearly stationary.
Next, we show a set of experimental results and DEM
simulation comparisons for mill charge flow and power
draw. The experiments were run with balls only, rocks
only, and then a mixture of balls and rocks. Finally, an experimental run with aluminum cubes is shown. The DEM
simulation requires 10 sets of parameters for the respective
Fig. 4 (a) Simulation velocity profile and (b) experimental results for
Case 8 (25 % balls, 31.8 rev/min).
contact mechanics between balls, rocks, and the mill shell.
In each of the experiments shown here a table of the contact
parameter is also included. A discussion of this parameter
at a steady-state.
set is given at the end of this section.
Case 11: This case is a mixture with 354 rock particles
Case 8: This case contains 190 steel spherical balls
(12 %) and 99 5 cm steel balls (13 %) for a total mass of
rev
which contribute to 25 % volume filling of the mill for a to66.3 kg. The mill speed was set at 25.1 min . Table 2 gives
tal mass of 97.4 kg. The density of the steel sphere was set
the DEM parameters used in the simulation. Fig. 5(a)
rev
to 7800 kg3 . The mill speed was set at 31.6 min . Table 1
shows the image of the charge and Fig. 5(b) depicts the
m
gives the DEM parameters used in the simulation. Fig. 4(a)
DEM profile colored by particle type. In this case, the
shows the image of the charge velocity profile for the DEM
spherical particle too was modeled (27)
as a 32-equisided
simulation, and Fig. 4(b) shows the image of the charge
polyhedron. Due to repeated impacts, the steel spheres
(27)
(26)With the mill filling being all steel
in the mill.
spheres, the
become non-round over time. Hence, we capture the shape
two charge profiles match very well at the toe, shoulder,
of the sphere that looks like a soccer ball with the 32-sided
and belly positions. There were a few balls cataracting in
polyhedron. Such representations of the%%%%%%%%%%%%%%%%%%
shapes, adds to the
the actual experiment. The balls are hitting above the toe
accuracy of the particle trajectories. The two profiles agree
region and between 180° to 270°. This characteristic
of the
well regarding the toe position, shoulder position, and the
%%%%%%%%%%%%%%%%%%%%%
profile is also seen in the DEM simulation, which is a clear
belly of the charge. Also, few particles cataracting is well
indication of the simulation accuracy. The experimental
matched between experiment and DEM simulation. Due
power is 1762 ± 30 W, whereas the DEM simulation preto a very high degree of angularity in the rock particles,
dicts 1609 ± 40 W.
the charge seems to lock up with each other and hence
We now present the simulation results for the polyhedral
we see a steeper shoulder position than normal. The DEM
(rock) particles alone or in a mixture with spherical steel
simulation captures this behavior. The DEM power draw
balls, comparing the power draw and charge profiles. The
of 1,010 W ± 5 compares well with the experimental value
experimental mill reaches a steady-state in two full revoluof 1105 W.
tions of the mill and hence all the results presented here are
Case 1: In these experiments, a low-level filling of rocks
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(15 %) made up of 434 pieces was used. The mill speed
rev
was set at 27.4 min . Fig. 6(a) shows the image of the experimental mill charge and Fig. 6(b) is the corresponding
DEM simulation snapshot. Once again, the two charge
profiles agreed quite well. In both the experimental and
(27) is confined between 240° mark (toe)
simulation, the charge
and 30° marks (shoulder). Further, Fig. 6(a) shows five to
eight rock particles that are carried up by the square lifter,
above the shoulder of the cascading charge. These rock particles then follow
the parabolic trajectory downward. We
%%%%%%%%%%%%%%%%%%%%%
see exactly similar transport by the lifter in the simulation
too. Although not perfect, the nearly close charge profile
structure between the experiment and DEM simulation, in

Table 2 Simulation parameter for Case 11, P2P indicates particle-particle
and P2W indicates particle-wall settings. * Rock/Spheres values.

Parameter

Symbol Value

Normal Particle Stiffness

Kn

*2/4(× 106) N/m

Tangent Particle Stiffness

Kt

*1/3(× 106) N/m

Damping Coefficient

C

0.001/0.1

Coefficient of Restitution (P2P)

ε

0.4/0.85

Static Friction (P2P)

μs

0.2

Kinetic Friction (P2P)

μk

0.2

Coefficient of Restitution (P2W)

0.7

Static Friction (P2W)

0.6

Kinetic Friction (P2W)

0.6

Time Step

∆t

1 × 10 –5

Unit

this case, shows that the friction part of the contact model
is bearing out the trends. This case stands in contrast to mill
operating with only spherical steel spheres, wherein DEM
simulation has produced picture-perfect results coinciding
with experimental work (Venugopal (2001), Govender et
al. (2015)). Finally, the DEM power 482 W ± 30 compares
well with the experimental value of 424 W.
Case 20: In this experiment, a very high filling made
up of 1031 rock particles (35 % filling) was run to test the
ability of DEM simulation to predict higher power draw,
which in turn involves numerous polyhedra collisions. The
primary purpose of these experiments work is to verify
the volume of contact mechanics used in the Blaze-DEM
code. Table 3 gives the DEM parameters used in the simulation. Fig. 7(a) shows the experimental mill snapshot and
Fig. 7(b) shows the snapshot from DEM simulation. Due
to the high load, the shoulder of the charge is almost at
the 80° mark. The speed of the mill too was very high set
rev
at 33.6 min or 75 % of mill critical speed. The simulation
tracks the overall structure of the central body of the charge
including the toe and shoulder. However, the simulated
charge is slightly expanded compared with the experimen(27)

%%%%%%%%%%%%%%%%%%%%%

s

Fig. 6 (a) Experimental and (b) DEM result for Case 1 (15 % rocks,
rev
27.4 min ).
Table 3 Simulation parameters for Case 1, P2P indicates particle-particle
and P2W indicates particle-wall settings.

(51)

Fig. 5 (a) Experimental profile and (b) DEM results for Case 11 (12 %
rocks, 13 % balls, 25.1 rev/min).
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Parameter

Symbol Value

Normal Particle Stiffness

Kn

2 × 106

N/m

Tangent Particle Stiffness

Kt

1×

106

N/m

Damping Coefficient

C

0.01

Coefficient of Restitution (P2P)

ε

0.4

Static Friction (P2P)

μs

0.5

Kinetic Friction (P2P)

μk

0.2

Coefficient of Restitution (P2W)

0.7

Static Friction (P2W)

0.6

Kinetic Friction (P2W)

0.6

Time Step

∆t

5 × 10 –5

Unit

s
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Fig. 7 (a) Experimental and (b) DEM charge profile for Case 20: 35 %
rocks, 33.6 rev/min.
Table 4 Simulation parameters for Cases 4c and 6c, P2P indicates the
particle-particle and P2W indicates particle-wall settings.

Parameter

Symbol Value

Normal Particle Stiffness

Kn

6×

Tangent Particle Stiffness

Kt

3 × 106

Damping Coefficient

C

0.01

Coefficient of Restitution (P2P)

ε

0.8

Static Friction (P2P)

μs

0.6

Kinetic Friction (P2P)

μk

0.6

Coefficient of Restitution (P2W)

0.7

Static Friction (P2W)

0.6

Kinetic Friction (P2W)

0.6

Time Step

∆t

Unit

106

N/m
N/m

5 × 10 –5

Fig. 8 (a) Experimental and (b) DEM charge profiles for Case 4c: 25 %
rev
filling with 25 mm aluminum cubes at 29.2 min .

s

tal frame. This is attributed to the representation of the
rock particles with only four polyhedral shapes depicted
in Fig. 2. A more comprehensive sample from the 1031
particles, could have provided more accurate modeling of
the charge. Yet, in milling, we are interested mainly in the
cascading and cataracting charge motion and mill power.
Hence, the results presented here verify the ability of the
polyhedral contact algorithms at best. The computed power
draw of 796 ± 10 W compares well with the experimental
power draw of 856 W.
Case 4C: A mill charge of cubes is an obvious choice
for DEM verification since the entire mass is made up of
cubes. In previous experiments, although we used irregular
rock particles, we had to model only a few rock shapes as
polyhedrons for the sake of expediency. Hence, there is
a difference between experimental results and simulation
results due to the variations in the rock shape. In this
experiment, the entire charge was made up of 25.4 mm
aluminum cubes, with a density of 1800 kg3 . These cubes
m
were identical in shape since they were cut from a rod of
square cross-section (25.4 × 25.4 mm). Table 4 gives the
DEM parameters used in the simulation. Fig. 8(a) shows
(26)

the mill operating with 884 aluminum cubes at a mill speed
rev
of 29.2 min . There is a much closer resemblance between
the experimental charge profile and(51)
the simulated profile
(Fig. 8(b)), simply because all the particles are identical
in shape. The shoulder and toe position agree very well.
(27)
The cataracting
stream from the shoulder also shows good
agreement. Similarly, the cubes striking the toe region too
is well predicted. The experimental power is 711 ± 11 W,
whereas the DEM simulation predicts 752 ± 72 W.
Case %%%%%%%%%%%%%%%%%%%%%
6C: in this experiment, the number of cubes was
increased to 1061, making up a mill volume filling of
30 %. Here too, we see excellent agreement between DEM
polyhedral model and experimental profiles, as shown in
Fig. 9. The computed power draw of 752 ± 37 W agrees
with experimental values of 740 ± 11 W.

4.1 Contact mechanics parameters
The parameters used in the simulation deserve an explanation here in the milling study. The four main parameters
are the two spring constants and the two dashpot constants,
normal and tangential, respectively. The spring constants
mainly control the time of contact, i.e number of time steps
the particle pair interpenetrate before disengaging. The
dashpot constant controls the energy dissipated (computed
as contact force reduction) during the entire duration of
contact between a pair of particles. A reasonable choice of
these four parameters produces acceptable simulation results with DEM. A point to note here is that, in a majority of
cases published in the literature, DEM simulation target has
been bulk charge motion simulation as inflow discharge
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from a silo, motion over a conveyor chute, mixing vessels,
rock-scooping buckets, and many others. In all these simulations principally the metric in bulk particle velocity, for
the simulation to resemble measured experiments. In fact,
in most such cases, approximate agreement of bulk flow is
shown between simulation and DEM results.
Milling, on the other hand, requires correct prediction
of charge motion as well as mill power draw, so the four
parameters mentioned earlier, have to reach a compromise
between accurately predicting charge motion and power. In
this compromise, the dashpot constants play a critical role.
In addition, the spring constants determine the energy dissipated in each collision since they determine the duration of
the collision event. Suffice it to say, there is no unique set of
contact parameters that will universally describe a system.
In any particular system, a set of parameters is arrived at
through trial and error carried over numerous experiments

and simulations.
Table 5 shows the contact parameters used in the simulation shown in this manuscript. They range from balls only,
rocks only to a combination of rock and balls followed by
aluminum cubes. In this particular set of experiments, the
spring constant (normal/tangential) for balls only (4 × 106,
3 × 106) and rocks only (2 × 106, 1 × 106) seems to predict
well for the mixture of balls and rocks (4 × 106/2 × 106,
3 × 106/1 × 106). The same trend is noticed with the coefficient of restitution values. The static and kinetic friction
values trigger minor changes in the energy of collisions.
This level of perfect agreement between rock, ball, and
rock+ball parameters is fortuitous and may not hold good
for all kinds of variations in mill operations. Nevertheless,
the magnitude of the constants shown in Table 5 describes
laboratory milling operation both in two-dimensional and
three-dimensional simulations. This order of magnitude in
parameters when carried on to large mill simulations (9 m
diameter × 3.5 m length) also produces reasonable power
results. In summary, the parameter set in DEM is still an
ongoing open question.

5. Conclusion
It is shown that volume-of-contact contact mechanics is
able to successfully predict the motion of charge in a laboratory-scale mill. The polyhedral particle model helps in
modeling rock and ball assembly that is commonly encountered in mineral ore grinding plant operations. The actual
rock shapes, especially in the size range of 0.2–0.4 m can
be scanned and modeled as irregular polyhedra. In addition, GPU-based codes such as Blaze-DEM enables one
to study mill discharge through grate slots and pulp lifters,
simply because such codes can handle millions of particles.
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Abstract
The central concern in the fabrication of carbon nanotube (CNT) reinforced metal composites is the well balance
between uniform dispersion and structural integrity of CNTs. Rapid and uniform self-assembly of CNTs and
spherical Aluminum (Al) particles into a core-shell structure is realized by a smart mechanical powder processing.
The factors influencing the dispersion uniformity and structural integrity of CNTs during the processing are
studied, including the size of Al particles, mixing speed and mixing time. It is revealed that a size of 35 μm
is preferred for the Al particles to tear apart the CNT clusters and obtain a uniform dispersion of CNTs on Al
surface. Different composite states, CNTs are singly dispersed, thickly wrapped, or embedded in the Al particles,
can be obtained by changing the mixing speed. Well coordination between the CNT dispersion homogeneity and
structural integrity could be achieved under suitable processing condition. Therefore, it can be adopted as an
efficient and intelligent technology to achieve the desired performance in CNT/Al composites.
Keywords: dispersion, structural integrity, high-shear pre-dispersion, CNTs reinforced metal matrix composite,
smart powder processing

1. Introduction
During the past two decades, significant progress has
been achieved in the fabrication of carbon nanotubes reinforced metal matrix composites (MMCs). Regardless of
the material type and fabrication technique, the balance between the uniform dispersion of CNTs in the Al matrix and
its structural integrity is vital prerequisite that needs to be
considered (Fan G.L. et al., 2014; Wei H. et al., 2014). How
to realize the rapid, efficient, and uniform dispersion of
CNTs in the Al matrix is one of the key factors restricting
the industrial application of CNT/Al and alloy composite
materials. It is well known that fine powders are not able to
flow freely due to the strong inter-particle cohesion, mainly
ascribed to the Van der Waals forces for dry, neutral, and inert particles (Deng X. and Davé R.N., 2017b; Eggersdorfer
M.L. et al., 2010), dominating the particle weight. The
situation can be more serious when the reinforcement
is one-dimensional, namely tubular and flexible such as
CNTs (Han Y. et al., 2015; Narh K.A. et al., 2008; Zhang
K. and Choi H.J., 2014). The unique geometry, along with
†
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large specific surface area and significant Van der Waals
force, strongly affects the dispersion status of CNTs.
In addition, the structural integrity of CNTs is considered
to be another key factor affecting the strengthening effect
by interfacial reaction and the formation of harmful products. Therefore, the MMCs community, especially those
CNTs reinforced Aluminum composites, have significant
concerns in overcoming the dilemmas associated with
dispersion and structural integrity. From this point of view,
these factors should be taken into account when designing
appropriate preparation processes.
Presently, many CNT/Al composite preparation methods
can meet the requirements of CNTs reinforced Al Matrix
Composite, but each has its shortcomings. Melt casting
and thermal spraying can realize the rapid preparation of
large block materials with a high content of CNTs. Still, it
is difficult to solve the dispersion of CNTs and the control
of interface reaction (Baig Z. et al., 2018). Great efforts
have also been made in the field of both large plastic deformation technologies such as accumulative roll bonding
(ARB) (Salimi S. et al., 2010), high-pressure torsion (HPT)
(Asgharzadeh H. et al., 2014; Tokunaga T. et al., 2008),
friction stir processing (FSP) (Johannes L.B. et al., 2006;
Sadeghi B. et al., 2018b; Sadeghi B. et al., 2018d) and
solid-phase powder metallurgy (PM) techniques (Sadeghi
B. et al., 2018a). One could be found that PM based techniques are effective and low cost, so that bring into a clear

Copyright © 2022 The Authors. Published by Hosokawa Powder Technology Foundation. This is an open access
article under the CC BY license (https://creativecommons.org/licenses/by/4.0/).
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insight to solve the dilemma mentioned above. The PM
based methods include high-energy ball milling (Esawi
A.M.K. et al., 2009; Sadeghi B. et al., 2020; Sadeghi B. et
al., 2019), flake powder metallurgy (Flake PM) (Fan G.L.
et al., 2014; Jiang L. et al., 2012), liquid phase ball milling
(Chen B. et al., 2015; Jiang L. et al., 2012), nanoscale
dispersion method (Kwon H. et al., 2009; Noguchi T. et
al., 2004), molecular level mixing (Cha S.I. et al., 2005;
Nam D.H. et al., 2012), in-situ growth of CNTs combined
with low-energy ball milling (He C., 2007; Cao L.L. et al.,
2012; Yang X. et al., 2013) and so on (Baig Z. et al., 2018).
However, whether wet ball milling or in-situ growth is
used as the initial dispersion method of CNTs, it is a timeconsuming and high energy consumption method, which
is challenging to match with industrial production. Therefore, it is of great significance to study an effective predispersion way for the preparation of CNT/Al composite
with high performance. Precisely, despite recent advances
in powder-based processing techniques such as Flake PM
(Fan G.L. et al., 2014; Jiang L. et al., 2011; Jiang Y. et al.,
2019; Tan Z. et al., 2011), there is still a challenging effort
to achieve the extraordinary balance between dispersion
and structural integrity of CNTs through Al matrix. In sum,
it seems that PM is still the best macro quantitative preparation method for controllability and operability, but there
is still much room for improvement.
Recently, various dry particle coating technologies have
been developed for advanced material production through
covering the surface of larger core (host) particles with fine
shell (guest) particles by mechanical forces, which were induced through four different mechanical devices (Foppoli
A.A. et al., 2017; Sharma R. and Setia G., 2019). All of
those are well designed to prompt de-agglomeration of
cohesive nanopowders (NP) to facilitate the NP dispersion
(Bhaumik S., 2015; Naito M. et al., 2009; Wei D. et al.,
2002). Among these technologies, Mechano Fusion® (MF)
system as a smart powder process (Naito M. et al., 2009)
has attained a considerable amount of attention to produce
the composite powders with desired tailor-made properties
for advanced MMCs (Chen M. et al., 2018; Ghoroi C. et al.,
2013; Naito M. et al., 2009). Comparing to the wet-based
(Jiang L. et al., 2012; Sadeghi B. et al., 2012a; Sadeghi B.
et al., 2012b; Zhou S.-M. et al., 2007) and gas-based (He
C. et al., 2007; Yang X. et al., 2016) coating techniques,
the smart powder process can produce advanced composite materials with minimum energy consumption and
environmental impact in a dry environment. In principle,
the MF system is expected to achieve the dry and uniform
composite of nano-sized CNTs and micron-sized metal
powders. Still, CNTs are different from ordinary nanoparticles because of their complex structure and could be
easily intertwined and clustering. In such circumstances,
opening the clusters and wrapping on the surface of metal
powder by mechanofusion is a challenging issue. Very
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recently, Chen et al. (Chen M. et al., 2018) demonstrated
that dry particle coating (also termed as high-shear predispersion) combined Flake PM route not only improves
the dispersion efficiency of CNTs in the ball milling
process but also well-preserves the structural integrity of
CNTs comparing to other PM routes (Chen M. et al., 2018;
Chen M. et al., 2019). Nevertheless, the effect of host
particle size and the operation conditions on the dispersion
and structural integrity of CNTs were not demonstrated.
Considering the low cost, simplicity, and low energy
consumption of the processing, there is a great potential
to transit it from laboratory to large-scale commercial
applications. Therefore, there is a pressing need to develop
a better understanding of the factors that affect the coating
effectiveness of the high-shear pre-dispersion process.
Many factors may affect the composite effects of particles, and subsequently, dry coating effectiveness, including
host particle size, mixing speed and time. Very recently,
Zheng et al. (Zheng K. et al., 2020) studied the effects of
particle properties such as their sizes, stiffness and surface
energies on the coating effectiveness and demonstrated that
the host particle size has no significant effect on the coating
quality when it is orders of magnitude larger than that of
guest particles. They also reported that increasing processing intensity led to guest particles bouncing off of host particles, indicating poor coating performance. It was reported
that the discharge efficiency of LiNi0.5Mn1.5O4 cathode
could enhance by the CNT coat provided by the mechanofusion method (Hwang T. et al., 2016). Narh et al. (Narh
K.A. et al., 2008) studied dry coating of polymer powder
particles with de-agglomerated CNTs and reported an
acceptable extent of the CNT dispersity. Chen et al. (Chen
M. et al., 2019) could effectively tailor the pre-dispersion
state of CNT/6061Al composite powders by controlling the
high-shear process speed. No comprehensive research has
mentioned that host particle size and operating conditions
(mixing time and speed of high-shear pre-dispersion process) simultaneously affect the dispersion and structural integrity degree in CNT/Al composite powders. To this end,
the current study is trying to uncover the various aspects of
the pre-dispersion and structural integrity degree of CNTs
in the Al matrix composite. It should be interesting to note
that the dispersion and binding mechanisms involved in the
high-shear pre-dispersion process depend on the initial size
of host particles and guest particles (Ötles S. et al., 2009;
Wei D. et al., 2002; Zheng K. et al., 2020). However, it is
well known that the contact surface between powder materials is subjected to extremely high local temperature and
pressure, resulting in unique phenomena between host and
guest or among fine particles or even generating mechanical stress (Naito M. et al., 2009).
In this study, an environmentally friendly and smart
powder processing technology, the namely high-shear
pre-dispersion process is successfully adopted to fabricate
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1.5 wt.% CNT/Al composite powders. Specifically, the effects of host particle size, mixing time, and rotational speed
of powder mixing process on the balance of dispersity and
structural integrity of CNTs in final composite powders and
consequently composite effects are discussed.

2. Experimental
2.1 Raw materials
Atomized near-spherical Al powders with a various
average diameter of 2, 5, 10, 15, 35, 70 μm, and industrial
multi-walled CNTs with a diameter of about 10–20 nm,
length of about 0.5–2 μm and purity of more than 95 % are
chosen to explore the size dependence in the high-shear
pre-dispersion process. Fig. 1a shows the original shape
of 35 μm-Al powder have a round surface. A small number
of tiny Al particles are attached on the surface, and size
distribution is relatively narrow. Fig. 1b–c show the initial
CNTs, which are in the form of particles with a size of tens
of microns. Long and entangled CNTs can be seen at higher
magnifications. Fig. 1d shows the Raman spectrum of raw
CNTs. It is well-known that there are two characteristic
peaks at 1346 cm–1 and 1570 cm–1, which are called D peak
and G peak, respectively (Cavaliere P. et al., 2019; Kwon
H. and Leparoux M., 2012; Sadeghi B. et al., 2018c; Zhao
Q. and Wagner H.D., 2004). Former is attributed to defects
in the hexagonal graphite layer structure, resulting in the
in-plane vibration. The latter is related to a single-photon
emission generated by the tangential tensile mode of the

Fig. 1

graphite layer plane (Loa I., 2003; Zhao Q. and Wagner
H.D., 2004). The ratio of two peaks (ID/IG) is usually used
to characterize the graphitization degree of CNTs. The
lower the ratio, the fewer the defects of CNTs and the
higher graphitization degree is. So it is useful to track the
changing trend of the structural integrity of CNTs (Chen
M. et al., 2019). The ID/IG value of raw CNTs is about 0.95.

2.2 Preparation of CNT/Al composite powder
1.5 wt.% of CNTs were processed with Al powder of
different diameters in a prototype of MF system (MECHANO FUSION®) from Hosokawa Micron Corporation,
Japan (Naito M. et al., 1993). As illustrated in Fig. 2a, it
has a container diameter of 80 mm and the clearance/gap
between the rotor and container is of 2 mm. The powder
mixture was first processed at the speed of 300 rpm for
2 min to homogenize and then processed at the designated
speed (1000–4000 rpm) for different times (5–15 min) to
obtain composite powders.

2.3 Characterization
The morphology of the powder is observed by Sirion
200 field emission scanning electron microscope (FESEM)
at the working voltage of 20 kV. The influence of the process condition on the structural integrity of CNTs is characterized by Raman spectroscopy (SENTERRA R200-L),
by using the 532 nm line of an Ar+ laser as the excitation
source.

FESEM of (a) spherical 35 μm-Al powders, (b) raw CNTs, (c) magnification of CNTs in (b), (d) Raman spectrum of raw CNTs.
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Fig. 2 Illustrations of (a) prototype of Mechano Fusion® system (Naito M. et al., 1993), (b) the working principle of CNTs dispersion on Al powder
in MF system.

3. Result and discussion
The main working principle of the MF system is to use
the centrifugal force generated by the high-speed rotation
of the rotor and the gravity effect of the material itself to
make the material pass through the clearance between the
rotor and the container at high speed. The mutual shear
force and impact force between the materials make the
smaller particles adhered onto the more considerable materials, to realize the core-shell structured composite particles
(Naito M. et al., 2009; Qu L. et al., 2015). In the case of
CNTs and Al particles, as illustrated in Fig. 2b, the CNTs
as the guest particles should be first torn apart by the shear
forces of Al particles (host particles) into smaller particles
or even individual CNTs, and then adhered onto the surface
of Al particles. The repeating collision between Al particles
made CNTs uniformly dispersed on the surface of Al particles, forming a Al/CNTs core-shell structured composite
powder. Therefore, the dispersion status is mostly affected
by the particle size or mass ratio between host/guest particles, the processing speed and time.

3.1 Effect of Al particle size
The average particle size of the initial Al powders not
only determines the surface area of the powders but also
determines the mass ratio between the particles and CNTs.
On the one hand, the smaller the average particle size of
Al powder is, the larger the corresponding surface area
is, which is more conducive to the uniform distribution of
CNTs; on the other hand, the smaller the mass of a single Al
particle is, the weaker its impact energy on CNTs clusters
will be. Precisely, smaller Al particles provide lower collision energy but higher surface area, which in turn controls
the type of contacts and interparticle adhesion force (Deng
X. and Davé R.N., 2017a) and subsequent dispersion of
CNTs.
Fig. 3 shows FESEM of CNT/Al composite powder
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obtained by mixing 1.5 wt.% CNTs with Al powder of
different particle sizes at 2500 rpm for 10 min. As one can
see, the shape of Al particle is not significantly changed
during the high-shear pre-mixing process as reported
(Chen M. et al., 2018). The main reason for this was due
to the fact that the processing condition applied was still
below the limit of Al particle deformation. For the smaller
Al particle size, namely 2, 5 μm, the de-agglomeration and
dispersion of CNTs hardly occurred. Most CNTs remained
in clusters (indicates by yellow arrows in Fig. 3a–b); only
very few individual CNTs were attached on the surface of
Al particles (Fig. 3d–e). When the particle size increased to
10, 15 μm, more individual CNTs were attached on the surface of Al particles, while a small number of clusters still
existed. Further increasing the particle size to 35, 70 μm,
only tiny flattened CNT clusters can be occasionally found,
indicating almost all the CNTs were torn apart and attached
on the surface of Al particles. That is, the larger the particle
size of the Al particle is, the more CNTs are attached to the
surface. The larger the mass or volume of Al particles is,
the easier it is to wrap CNTs on the surface. The initial size
of the CNTs clusters is of tens of microns, and so the collision force exerted from those small Al particles (smaller
than 10 μm) are not high enough to tear the CNT clusters
apart. Still, on the contrary, these collisions made the CNT
clusters more solid than initial CNTs. Therefore, there is a
size limit that the pre-dispersion of CNTs on the Al surface
can be applied.
Further observation of the micromorphology of the
Al particle surface shows that the degree of the surface
smoothness is changed in larger sizes of Al particle.
The surface of the Al particle is no longer smooth, and a
certain number of pits appear, which should be related to
the significant improvement of the impact force between
the larger Al particles. The small Al particles that initially
attached on the surface of big particles were flattened and
stuck on the Al surface, making a rougher surface (Fig. 3i)
with CNTs embedded in the surface pits. By and large,
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Fig. 3 FESEM of pre-mixed CNT/6061Al composite powders with different particle sizes processed at 2500 rpm for 10 min, (a, d) 2 μm, (b, e) 5 μm,
(c, f) 10 μm, (g, j) 15 μm, (h, k) 35 μm, (i, l) 70 μm. Arrows indicate the presence of the CNT clusters.

under the current mixing conditions, Al particles with the
average size above 35 μm can provide the appropriate level
of pre-dispersion of CNTs and complete the pre-dispersion
process well. Considering that the essential purpose of the
pre-dispersion process is to reduce the pressure of subsequent powder milling, to shorten the time required for CNT
dispersion, as well as keeping the structural integrity of
CNTs, the Al powders with 35 μm particle size is preferred.

3.2 Effect of pre-dispersion speed (rotational
speed) on CNT dispersion
It is well known that the force acting on the powder
blend generally increases with rotational speed (Naito M.
et al., 1993). The higher the speed, the more robust and
useful the interaction force can be produced between the
materials and subsequently affect the flowability of the
processed powder. As described in the previous section, the
35 μm Al powder succeeds in completing the task of opening the CNT clusters completely at 2500 rpm. Therefore, it
is considered to alter the pre-dispersion speed further and
observe its effect on the dispersion status.
Fig. 4 shows the FESEM of CNT/Al composite powder
after mixing 35 μm Al powder with CNTs for 10 min at
different rotational speeds. Big and flattened CNT clusters
can be easily observed at low rotational speed (1000 rpm,

Fig. 4a), but the amount and size of CNT clusters progressively decreased with the increasing rotational speed
up to 2000 rpm. A thick layer of dispersed CNTs can be
observed on Al particle surface at 2000 rpm, as shown in
Fig. 4f. With the increase of mixing speed to 2500, 3000,
4000 rpm, small Al chips were attached on the surface of
Al particles, and only a small number of CNT ends can
be observed on the surface of Al particles, as shown in
Fig. 4j–l. It can be deduced that with the increase of speed,
CNTs show a gradual “in-depth” change process from the
surface to the interior of the Al particle, which is completed
by the embedding of CNTs into Al chips and the mutual
grinding of Al powders.
The above results depict the trend that de-agglomeration
and dispersion of CNTs increase as a function of increasing
rotational speed. This is because as the rotational speed
increases, the intensity of collisions between Al particles
and CNT clusters violently increases when passing through
the clearance between the rotor and container. Because of
severe shear, friction, and compression forces, big CNT
clusters are quickly torn apart and broken into the smaller
ones. And then the small CNT clusters adhered on the
surfaces of Al particles were further de-agglomerated and
uniformly dispersed throughout the surface of Al particles
by the repeating collision between Al particles throughout
the processing time.
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Fig. 4 FESEM images of Al at CNT composite powders processed by high-shear pre-dispersion process with various rotational speed, (a, d)
1000 rpm; (b, e) 1500 rpm; (c, f) 2000 rpm; (g, j) 2500 rpm, (h, k) 3000 rpm, (i, l) 4000 rpm. The yellow arrows indicate the CNT clusters.

The tentative conclusion to be drawn is that by changing
the mixing speed (rotational speed), the type of contacts
between CNTs (as guest) and Al particles (as host) can
be changed to strongly affect the dispersity status. On the
one hand, at too slow rotational speeds, guest-guest (CNT
clusters) and host-host (Al-Al) contacts remain due to
insufficient mechanical forces. And on the other hand, at
high rotational speeds, CNTs both in the form of cluster
and individual are embedded in Al particles (host-guest
contact). The former results in the remaining of CNT cluster, and the latter causes heterogeneity dispersion of CNTs
in Al particles. Therefore, it can be inferred that the best
condition for uniform dispersion of CNTs is that CNTs are
singly dispersed throughout the surface of Al particles at a
moderate rotational speed.
Additionally, it is shown that when rotational speed
increases from 2500 rpm to 4000 rpm, small Al particles
attached on the surface of bigger ones were gradually stuck
and probably embedded in Al particles, generating Al particles with a bigger size and smoother surface (Fig. 4h–i),
compared to lower rotational speeds (Fig. 4a–b).

3.3 Effect of pre-dispersion time on CNTs
dispersion
The mixing process of CNTs and Al powder is the process of gradually opening and coating CNTs clusters on
the surface of Al powder. The efficiency of the dry particle
coating process is determined by the total mass, mass ratio,
mixing speed and mixing time. Among these affecting pa-
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rameters, mixing time not only has a significant influence
on dispersity status and structural integrity of CNTs but
also leads to alteration of the appearance of Al powder.
To study the effect of mixing time on the dispersion status of CNTs during the high-shear pre-dispersion process,
the Al powder and CNTs with a medium particle size of
35 μm are selected as the primary materials. According
to the tailored objectives, two different rotational speeds
of 1500 rpm and 2500 rpm are chosen to do the mixing
process at different mixing times of 5, 10 and 15 min.
Fig. 5a–c show that the CNTs on the surface of Al particles
can be observed under 1500 rpm for different mixing times.
After a short mixing time (5–10 min, Fig. 5a–b), CNTs
coated onto the Al surfaces are discrete, and by increasing
the mixing time, a continuous film-like CNT coating is
gradually formed (15 min, Fig. 5c). Also, the length of
CNTs decreased from 0.5–2 μm to 0.2–0.5 μm, indicating
that CNTs clusters were cut short during the opening process due to shear and compression stresses. For the mixing
time of 15 min, no CNT clusters can be observed, which
indicates that CNTs have been completely attached on the
surface of Al particles. Fig. 5d–f show the CNT dispersion
status at 2500 rpm for various mixing times. After 5 min
processing, we can see that more CNTs are attached on
the surface than mixed at the speed of 1500 rpm for the
same time. With the increase of processing time, most
CNTs are embedded underneath the Al chips, which should
be attributed to the presence of the enormous impact,
compression, and shear forces between the Al particles
when they passed through the clearance between the rotor
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Fig. 5 FESEM images of CNT/Al composite powders premixed at (a–c) 1500 rpm and (d–f) 2500 rpm for different time: (a, d) 5 min, (b, e) 10 min,
(c, f) 15 min.

and container. Due to such severe shear and compression
stress, a long-time mixing may result in the embedding of
some CNT clusters underneath Al chips before they were
fully de-agglomerated and spread over the surfaces. It
could increase the responsibility of subsequent ball milling
dispersion at the expense of more structure damage of
CNTs under high energy ball milling dispersion. It can,
therefore, be used to suggest an optimum mixing time to
achieve uniform distribution of individual CNTs onto the
surface of Al particles without embedding them and thus,
the improvement of pre-dispersion efficiency.

3.4 Pre-mixing speed dependence of structural
integrity
The good maintenance of structural integrity of CNTs
is considered to be one of the main factors that should be
considered during the processing, although some results
showed that in the absence of a significant interface reaction, the failure of the tubular structure on the surface of
CNTs can enhance the interface bonding between CNTs
and Al matrix, its bearing capacity and strengthening effect
(Chen B. et al., 2014; Ci L.J. et al., 2006; Kwon H. et al.,
2013).
As shown in Fig. 6, compared with the ID/IG value
(0.95) of the initial CNTs powder, it is found that the
mechanofusion pre-dispersion process had little damage
to the structural integrity of CNTs. With the increase of
rotational speed, the ID/IG value first increased to about
1.01 and then decreased to about 0.96 at 2800 rpm. The
decrement of the ID/IG value indicates less damage. This is
very likely that, the pre-dispersed CNTs are rapidly embedded underneath the surface of the Al chips at high speed,
resulting in a better protection of CNTs (Chen M. et al.,
2019). Therefore, it can be concluded that CNTs are just cut
short efficiently without much structural integrity damage
during the pre-dispersion process. The structural integrity
is much better preserved than those traditional ball milling

Fig. 6 Raman spectrum of pre-dispersed CNT/Al composite powder at
different rotational speeds.

dispersion process.
To sum up, for the raw CNT clusters with dozens of
microns, the size of Al particles should over 15 μm, as to
provide sufficient impact energy to tear apart the clusters
via mechanical forces under the MF system. Changing the
rotational speed can obtain different composite states. With
the increase of speed, CNTs show a gradual “in-depth”
change from the surface to the interior of the Al particles,
which is completed by the embedding of CNTs into Al
chips and the mutual grinding of Al powders. However,
the effect of their combination with the subsequent powder
milling process needs to be considered to select the best
pre-dispersion process parameters. Chen’s work (Chen M.
et al., 2019) shows that only by pre-dispersion at moderate
speed, in which CNTs are well de-agglomerated and partially embedded in Al matrix, can provide a controllable
balance between the CNT dispersity and structural integrity
protection compared with the other processing conditions.
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4. Conclusion
The smart powder processing based on the Mechano
Fusion® system can realize the rapid composite of CNTs
and Al powders. The particle size of Al powders, the mixing speed and time have a significant influence on the dispersion status. For the raw CNTs with dozens of microns,
there is a size and speed limit to provide sufficient impact
to tear apart the clusters and coat them onto the surface of
Al particles. Considering the dispersion uniformity and
surface area of Al powders to bear CNTs, the size of 35 μm
Al powder and the speed around 2000–2500 rpm are preferred. The efficiency of processing is very high and under
suitable speed, 15 min is sufficient to obtain a uniform
dispersion of CNTs all over the surfaces of Al particles.
The CNTs were cut short, but structural integrity was not
severely damaged. Therefore, a high-shear pre-dispersion
process as a smart mechanical powder processing is a
relatively simple and environmentally friendly approach to
produce CNT/Al composite powder with the desired balance between dispersion and structural integrity of CNTs
in metallic matrix.
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Correlating Granule Surface Structure Morphology and
Process Conditions in Fluidized Bed Layering Spray
Granulation †
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Abstract
A workflow for developing a multidimensional, linear correlation between the process conditions during
fluidized bed spray granulation and the surface morphology of the resulting granules is presented. Spray coating
experiments with Cellets®500 particles and sodium benzoate solution were performed in a lab-scale fluidized bed
varying liquid spray rate, fluidization air flow rate, fluidization air temperature, spray air temperature and spray
atomization pressure. To characterize the surface structure, the surface roughness of the coated particles was
quantified using confocal laser-scanning microscopy. The roughness was correlated to the process conditions, and
the resulting correlation was rigorously analyzed for the importance and co-linearities of the individual process
parameters using a principal component analysis. The surface roughness is strongly dependent on the spray rate
of the coating solution, the fluidization air temperature and the atomization pressure at the nozzle. In general, wet
process conditions and large droplets with a low initial velocity favor the formation of particles with a rough surface
structure, while dry conditions and fine droplets with a high velocity result in granules with a smooth and compact
coating layer.
Keywords: fluidized bed spray granulation, coating, surface roughness, laser-scanning microscopy, product
property correlation

1. Introduction
1.1 Motivation
Fluidized bed spray granulation is a key process used
in various industries for the production of high-quality
granular solids. The processing of particles in a fluidized
bed with liquid injection allows the production of a wide
variety of particles for different applications. Products from
spray granulation include pharmaceuticals, food powders,
fertilizers and detergents, among others. The variation of
process conditions is used to obtain defined product properties like certain sizes, shapes or structures, which then
define the application properties like flowability, stability
or taste and odor masking (Dewettinck and Huyghebaert,
1999). A coating can also be applied to protect the core
from environmental influences and prevent oxidation or
moisture absorption (Werner et al., 2007). Controlled re†
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lease of active substances is another application in which
the structure of the coating is essential (Turton, 2008; Tzika
et al., 2003). A detergent, for example, requires a short
release time, whereas fertilizers should usually be released
at a defined rate over a longer time period.
To induce particle growth, a solid-containing liquid
is sprayed onto the fluidized particles. The size increase
occurs via either agglomeration or layering granulation
or coating. In the case of agglomeration, the liquid acts
as a binder between the primary particles. When two wet
particles collide, a liquid bridge forms and solidifies after
the liquid evaporates due to the hot fluidization gas. Thus,
agglomerates are formed by connecting several primary
particles via solid bridges (Fries, 2012). In layering granulation or coating, the droplets come into contact with the
particle surface, where they spread and form a liquid film
around the particle. Due to evaporation of the liquid, this
film becomes a solid shell. By repeating these steps, several
coating layers can be added to the particle (Uhlemann and
Mörl, 2000). Usually, the application of thin layers onto the
particle surface is defined as coating, whereas granulation
refers to a layering growth resulting in an onion-like structure (Rieck et al., 2015). In this work the particle growth
due to layering is defined as granulation.

Copyright © 2022 The Authors. Published by Hosokawa Powder Technology Foundation. This is an open access
article under the CC BY license (https://creativecommons.org/licenses/by/4.0/).

Maike Orth et al. / KONA Powder and Particle Journal No. 39 (2022) 230–239

The formation of a coating layer during the fluidized bed
spray granulation depends on several micro-processes that
are affected by the process conditions. The deposition and
spreading of droplets on the particles depend on properties
of the particle surface—such as roughness and chemical
composition—as well as the droplet characteristics. The
latter includes not only the size and velocity of the droplets, but also coating solution properties like viscosity and
surface tension. Another important micro-process is the
evaporation of the liquid due to the heated fluidization
gas, which is strongly influenced by the drying conditions
(Fries, 2012; Uhlemann and Mörl, 2000). Depending on
the chosen material system, additional phenomena like
crystallization or penetration of the solution into the pores
of porous particles can occur and influence the granule
properties (Hoffmann et al., 2015; Uhlemann and Mörl,
2000). The knowledge of the effect of different process parameters on the micro processes in the fluidized bed and the
resulting granule structures is invaluable for the production
of tailor-made particles.

1.2 Previous works
The influence of process parameters on different particle
properties has been investigated in several previous works.
In most of these studies, either a small set of parameters
was chosen or a one-factor-at-a-time approach was used,
meaning that interaction between the parameters is not
considered. Rieck et al. (2015) and Hoffmann et al. (2015)
investigated the influence of the drying conditions on the
layer porosity for the coating of glass and γ-Al2O3 particles
with sodium benzoate. Their experiments were carried
out in top-spray configuration at different fluidization air
inlet temperatures and spray rates of the coating solution.
The overall drying conditions were described by a drying potential, which was correlated to the shell porosity
measured by X-ray micro-tomography. For both glass and
γ-Al2O3, a linear decrease of the porosity was observed
with increasing drying potential, characterized by a higher
air temperature and lower spray rate.
The drying conditions were also examined by Hampel
(2015). Cellulose particles (Cellets®200) were coated with
sodium benzoate in a Wurster fluidized bed process and
qualitatively analyzed afterwards regarding their surface
morphology via scanning electron microscopy. The varied
parameters were the gas inlet temperature, the spray rate of
the coating solution and the fluidization air mass flow rate.
The increase of the gas temperature led to the formation of
a more compact coating, whereas the increase of the gas
mass flow resulted in a higher shell porosity. No unambiguous change in surface morphology was observed when
varying the mass flow of the coating liquid.
Tzika et al. (2003) observed non-uniform coatings and
serious surface defects for fertilizer particles that were

coated with a polymer latex at very low or very high
fluidization air velocities. This poor coating quality was attributed to the low frequency at which the particles entered
the coating zone for the low air velocity and to the reduced
time in the coating zone per pass in addition to frequent
collisions of the particles with each other and the wall for
the high velocity. The best coating quality was achieved by
choosing an intermediate air fluidization flow rate.
The continuous granulation of sodium benzoate in a
horizontal fluidized bed with sieve-milling circuit was
investigated by Diez et al. (2018). Similar to Rieck et
al. (2015) and Hoffmann et al. (2015), Diez et al. (2018)
produced particles with a compact and smooth surface at
high air temperatures and low liquid spray rates, whereas
low temperatures and high spray rates resulted in a higher
surface roughness.
Schmidt et al. (2017) performed coating experiments
with γ-Al2O3 particles and a suspension of limestone,
hydroxy propyl methyl cellulose and water at different
atomization pressures of the top-spray nozzle used for the
injection of the suspension. The shell porosity was found to
decrease with increasing pressure.
The surface morphology and layer thickness of particles
coated in a fluidized bed were also studied by Depypere et
al. (2009) and Perfetti et al. (2010). Depypere et al. (2009)
coated glass particles with sodium caseinate and gelatine
hydrolysate in bottom-spray configuration and in top-spray
configuration at three different nozzle heights. The coatings
were analyzed via confocal laser-scanning microscopy.
For sodium caseinate coatings, the coating thickness and
uniformity decreased with increasing distance between the
nozzle tip and the fluidized bed, meaning that the particles
from the bottom-spray set-up had the most homogeneous
coating while the highest top-spray nozzle position resulted
in a wider layer thickness distribution. With gelatine hydrolysate as coating material, however, the highest coating
quality was achieved at the lowest nozzle position in topspray configuration.
Perfetti et al. (2010) used X-ray micro-tomography to
characterize polymer-coated sodium benzoate and cellulose particles that were coated with polyvinyl alcohol and
hydroxy propyl methyl cellulose in a top-spray fluidized
bed. The coating layer thickness was determined with
different methods based on the two-dimensional and
three-dimensional particle structures obtained from the
tomography data. Most results were in good agreement
with the theoretical thickness as well as with each other.
Furthermore, the micro-CT allowed the measurement of
several structural parameters of the coating shell, including
surface density, porosity and pore volume.
In these previous works, the coating quality was either
evaluated qualitatively or a one-dimensional approach
was used to correlate individual parameters or the drying potential with the surface morphology. However, a
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multidimensional correlation between process conditions
and granule surface morphology is yet to be developed.
Such a correlation is crucial as individual parameters are
not able to reflect all the parameters involved during fluidized bed spray granulation. For example, it was already
shown that the shell porosity is influenced by the atomization pressure, but this value is not included into the drying
potential. Thus, a correlation is needed that indicates the
influencing parameters qualitatively and quantitatively.

1.3 Structure
To develop a multidimensional, linear correlation that
connects the process parameters and the granule surface
roughness, coating experiments were carried out in a labscale fluidized bed. As a result of the literature study and
previous investigations, the liquid spray rate, the fluidization gas flow rate and inlet temperature, the spray air temperature and the spray atomization pressure were chosen as
varying parameters. To investigate the influence of these
five process parameters within a reasonable amount of runs
while still obtaining a significant result, the experiments
were statistically planned. The resulting granules were
analyzed regarding their surface roughness via laserscanning microscopy. Therefore, a 3D-profile of the particle
surface was created which was then evaluated in a defined
measurement area. The roughness was correlated to the
process parameters and the resulting linear correlation was
rigorously analyzed for the importance and co-linearities of
the parameters using a principal component analysis.

2. Materials and methods

sodium benzoate was used. Sodium benzoate is a white,
crystalline powder with a good solubility in water that is
used as a preservative in the food industry.

2.2 Coating experiments
The coating experiments were carried out in the
ProCell® 5 LabSystem with the fluidized bed process
chamber GF3 (Glatt, Germany), which is shown in Fig. 1.
The diameter at the gas inlet of the chamber is 180 mm.
For the injection of the coating solution, a two-fluid nozzle
of type 970-S4 (Schlick, Germany) with an orifice size of
1.2 mm was installed in bottom-spray configuration in the
center of the sieve plate distributor (mesh size 105 μm).
The solution is conveyed to the nozzle with a peristaltic
pump (Medorex TB, Germany) and compressed air is used
to atomize the liquid into fine droplets. The experiments
were performed batch-wise with an initial bed mass of 2 kg
of Cellets®500 per batch. For each run, 1 kg of the 30 wt%
sodium benzoate solution was injected into the process
chamber.
As previously mentioned, five parameters were varied:
the spray rate of the coating solution ṁl, the fluidization
air volume flow Vair , the fluidization air inlet temperature
Tin, the spray air temperature Tat and the spray atomization
pressure pat. The different values that were set for each
parameter are shown
(11) in Table 2. The limits were chosen in
such a way that a broad range was covered while the stability of the process was still maintained. An overview of
the experiments, including the process parameters, average
bed temperature, theoretically expected outlet air temperature after evaporation of the water and surface roughness

2.1 Materials
For all experiments, Cellets®500 (Harke Pharma GmbH,
Germany) with a diameter between 500 and 710 μm were
used as primary particles. Cellets® consist of microcrystalline cellulose and are often utilized as pharmaceutical
excipient. Because of their non-porous surface, no droplet
imbibition occurs during the coating process. The material
provides a smooth surface and high sphericity. In addition,
the Cellets® are chemically inert and insoluble in water,
which makes them suitable for coating experiments with a
salt solution. Table 1 lists the main properties of the particles. As coating material, an aqueous solution with 30 wt%

Fig. 1

Scheme of the experimental fluidized bed set-up.

Table 2 Process parameters and values used in coating experiments.

Table 1 Properties of Cellets®500.

ṁ1 [g/min] Vair [m3/h]

Tin [°C]

Tat [°C]

pat [bar]

Sauter diameter

639

μm

Sphericity

0.96

–

10

80

50

20

0.5

Surface roughness

1.5

μm

15

105

85

70

1.75

Solid density

1445

kg/m3

20

120

3.0

(41): table-cell
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130

120
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data, is provided on J-STAGE Data website.

2.3 Design of experiments
A design of experiments approach is used to investigate
the effects of multiple input variables on a response at the
same time. In this case, the effect of the process parameters
on the surface roughness was investigated. By planning
the experiments statistically, interactions between the
parameters can be considered while the number of runs is
reduced compared to the full factorial experimental plan.
For the granulation experiments in this work, a three-level
experimental plan including the five parameters listed in
Table 2 was created using the statistics software Minitab
18 (Minitab, USA). For each parameter an upper and lower
limit was defined. In addition, the mean value of these limits was chosen as the third level. Since the three-level full
factorial approach consisted of 243 experiments, the response surface methodology with central composite design
was used instead. Choosing the half fraction of the thereby
obtained design resulted in a total of 29 experiments.

2.4 Surface roughness measurement
2.4.1 Confocal laser-scanning microscopy
In a conventional optical microscope, the entire sample
is illuminated by a light source, so the photodetector, where
the light reflected from the sample forms an image, detects
not only the sample itself but also unfocused planes in the
background. In contrast, only a small part of the sample
is illuminated at each time in confocal laser-scanning
microscopy. The surface of a sample can be scanned by
moving the position of the focal point on the sample surface. By scanning the image area within the field of view,
a two-dimensional image at a given height is captured.
This scan is repeated several times with the objective lens
at different Z-axis positions in order to reconstruct the
three-dimensional structure of the sample and gather height
information. The confocal laser technology allows for the
acquisition of images with a large depth of field that are in
focus across the entire screen (Keyence, 2015).

2.4.2 Roughness quantification
The surface roughness was measured using the 3D Laser
Scanning Confocal Microscope VK-X160K (Keyence,
Japan). The microscope uses a two-way light source with
laser light and white light. The light emitted from the
laser light source is focused on the sample surface by the
objective lens with a magnification of 10×, 20×, 50× or
100×. Based on the detected height information and laser
intensity, a 3D-profile of the particle surface is constructed.
The relatively short measurement time compared to other
surface morphology characterization methods, like X-ray
micro-tomography, as well as the possibility to quantify the

surface structure make the laser-scanning microscopy the
ideal analysis method for this work.
To quantify the surface morphology of the coated particles, the surface roughness was evaluated. Roughness consists of a sequence of peaks and valleys forming a complex
shape due to their difference in height, depth and intervals
(Keyence, 2015). A wide variety of parameters, based either on lines or areas on the surface, can be used to describe
the roughness. These parameters are defined in DIN EN
ISO 4287:2010-07 (2010) and DIN EN ISO 25178-2:2012
(2012). In this work, the arithmetical mean height Sa, one
of the most commonly used roughness quantifiers, was
used to characterize the roughness. The arithmetical mean
height is a surface-based parameter which describes the
average height difference of each point on the surface from
the mean height of the particle surface within a defined
measurement area A:
Sa 

1
∬ h x, y  h dx dy
A A

(1)

The measured 3D-profiles of the coated particles were
smoothed using a Gauss filter to reduce measurement
(1)
noise. Additionally, the surface shape was corrected with
image processing to avoid an influence of the particle shape
on the measured roughness. The surface-based arithmetical
mean height was evaluated at 50× magnification over the
whole surface area that was covered by the microscope. For
each sample three particles were analyzed at three different
positions on the surface of each particle.
To validate the observations regarding the surface morphology, particles from two experiments with extremely
different process conditions—due to the parameters being
set to either their minimum or maximum values in these
runs—were analyzed with a scanning electron microscope
(type: Supra VP55, Zeiss, Germany).

3. Results and discussion
3.1 Regressing process parameters and granule
roughness
A linear regression model is fitted to the roughness data
using the ordinary least squares method. This allows for
the pre-factors for a linear equation connecting the five
varied process parameters to the surface roughness to be
determined. With a principal component analysis, principal
components that reduce the variance in a data set can be
identified.
To perform the principal component analysis, a matrix
A is created in which each column contains the data for
one experiment, including process parameters during the
coating experiment as well as the granule surface roughness. Afterwards, the eigenvalues and eigenvectors of
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the corresponding covariance matrix Cov(A) = AAT are
determined. The distribution of the residual decreases with
the number of included components. Fig. 2 shows how
the residual distribution changes when a certain number
of principal components is included in the model. It can
be seen that the distribution of the residual can be reduced
to a reasonable range by including four components in the
model. To avoid over-fitting of the model, the components
that correspond to the lowest eigenvalues are dropped and
only statistically significant parameters are considered.

3.2 Linear correlation for the surface roughness
During the fluidized bed spray granulation, the particle surface structure formation is dependent on several
micro-processes occurring within the droplets and at the
solid-liquid interface. The droplet characteristics and the
interaction of solid and liquid on the other hand are influenced by the process variables that determine the overall
state of the fluidization air as well as the conditions in the
spray zone and the drying zone of the fluidized bed. Using
the previously described approach to create a linear model
connecting the chosen process parameters to the granule
surface roughness, the following correlation for the arithmetical mean height is obtained:
S a  8.718  0.085m l  0.038Tin  0.843 pat

however, did not show a significant effect on the surface
structure and were therefore removed from the model.
As the signs in Eqn. (2) suggest, a high surface roughness is achieved at low fluidization air temperatures, low
atomization pressures and high spray rates of the coating
solution. Conversely, at high air temperatures, high spray
pressures and low liquid spray rates, particles with smooth
and compact surfaces are produced. These observations are
confirmed by the SEM images of the granules in Fig. 3. As
predicted by the model, the particle coated at ṁl = 20 g/min,
Tin = 50 °C and pat = 0.5 bar has a significantly rougher
and more uneven surface than the particle coated at ṁl =
10 g/min, Tin = 120 °C and pat = 3.0 bar.
As depicted in Fig. 4, the roughness values predicted
by the linear model show an overall good agreement
with the measured data. Only the two highest roughness
values are overestimated by the correlation and lie significantly below the 45°-line. With increasing roughness the
particle structure becomes more irregular, which makes

(2)

According to the correlation, the surface roughness
Sa (2)
depends on three of the five investigated parameters:
the fluidization air temperature Tin in °C, the atomization
pressure pat in bar and the liquid spray rate ṁl in g/min. The
spray air temperature and the fluidization air volume flow,

Fig. 2 Normalized residual distribution in dependence of number of
included principal components (eigenvectors).

Fig. 3 SEM images of Cellets®500 particles coated with sodium benzoate at different process conditions. Left: ṁ1 = 10 g/min, Vair = 130 m3/h,
Tin = 120 °C, Tat = 20 °C, pat = 3.0 bar; right: ṁ1 = 20 g/min, Vair = 80 m3/h, Tin = 50 °C, Tat = 20 °C, pat = 0.5 bar.

(31): fig-caption
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the characterization of the overall surface morphology
challenging. Furthermore, there are few data points at high
roughness values, which makes the fitting of the model
difficult in this roughness range. For values below 9 μm,
where most of the data points lie, the model shows a good
fit. Moreover, it has to be considered that, while the surface
structure analysis via laser-scanning microscopy is an improved characterization method in terms of measurement
time compared to the X-ray tomography and scanning
electron microscopy approaches used in previous studies,
the amount of analyzed granules is still very low compared
to the whole particle bed for each experiment.
An advantage of the linear model is the easy interpretation since the influence of each variable on the response can
be directly seen in the correlation. This allows for the analysis of the individual process parameters and their impact

on the formation of the coating and the resulting surface
morphology. In the following sections, the influence of the
three primary influencing factors on the surface structure is
discussed in detail.

In Fig. 5, the partial dependence of the surface roughness on the spray rate of the sodium benzoate solution is
shown. The higher roughness at an increased spray rate
predicted by the linear model is confirmed by the laserscanning microscope images in Fig. 6. At the maximum
spray rate of 20 g/min, a rough and irregular surface was
formed, whereas the particles from the experiment with
the lowest spray rate of 10 g/min and otherwise similar
parameters have a smooth surface without any noticeable
peaks. This dependence of the roughness on the spray rate

Fig. 4 Surface roughness predicted by the linear model in Eqn. (2)
compared to the surface roughness measured via confocal laserscanning microscopy.

Fig. 5 Partial dependence of the surface roughness on the liquid spray
rate. The crosses mark the experimentally investigated spray rates.

3.2.1 Influence of the liquid spray rate

Fig. 6 Laser-scanning microscope images of Cellets®500 particles coated with sodium benzoate at different process conditions. Within each column
all remaining process parameters were the same for both experiments.
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can be explained by the crystallization of sodium benzoate
in the evaporating solution droplets on the particle surface.
At low spray rates, the drying conditions in the fluidized
bed are intense due to the low amount of liquid in the process chamber. In this case, the liquid evaporates quickly,
causing a high over-saturation of sodium benzoate in the
shrinking droplet. Due to the short drying time, nuclei
formed in the droplets do not have enough time to grow
into larger crystals. These precipitated nuclei form a dense
coating with a smooth surface. High spray rates, however,
cause a large temperature drop over the fluidized bed due to
the high amount of liquid that evaporates. This effect can be
observed in the theoretical outlet air temperature given on
J-STAGE Data website, that corresponds to the decreased
fluidization air temperature after passing the particle bed
due to the evaporation of the water in the process chamber.
Consequently, at high spray rates and therefore moderate
drying conditions, the slow evaporation of water and long
drying time of the droplets allow the growth of larger
sodium benzoate crystals on the particle surface, resulting
in a rough and irregularly shaped coating. This crystalline
surface structure formed under wet process conditions
is especially apparent in the SEM images in Fig. 3. The
dependence of the crystallization of sodium benzoate on
the drying conditions during fluidized bed coating was also
observed by Rieck et al. (2015) and Hoffmann et al. (2015).

idization air has a major impact on the drying conditions
during the granulation process. Due to the reduced relative
humidity, the heated air can absorb a higher amount of
water, which results in a high drying rate. Under these
conditions, small crystal seeds are precipitated from the
droplets due to the fast evaporation and short drying
time rather than growing into larger crystals. The smooth
surface that is formed under intense drying conditions at
the highest investigated temperature of 120 °C is depicted
in Fig. 5. Conversely, the particles coated at 50 °C and
otherwise similar parameters show a rough surface with
many visible peaks and valleys. At these moderate drying
conditions, due to the lower air temperature, crystal growth
is enhanced as previously explained, and the larger crystals
form a rougher and irregular surface. This observation
is confirmed by the SEM images in Fig. 3, in which the
surface morphology of the right particle is clearly defined
by sodium benzoate crystals, whereas no such crystal structures are visible on the left particle’s surface.

3.2.3 Influence of the atomization pressure

As shown in the partial dependence plot in Fig. 7, an
increase in the fluidization air inlet temperature results in
a lower roughness and therefore smoother particle surface.
Just like the liquid spray rate, the temperature of the flu-

The partial dependence of the surface roughness on
the atomization pressure in Fig. 8 shows a decreasing
arithmetical mean height with increasing pressure. This
trend is also apparent in the microscope images in Fig. 5,
in which the surface formed at the minimum pressure of
0.5 bar is significantly rougher than the surface of the
particle coated at the maximum atomization pressure of
3.0 bar. The droplet characteristics during granulation are
strongly influenced by the nozzle parameters. The pressure
of the spray air determines the droplet size as well as the
initial droplet velocity. At higher pressures the shear stress
acting on the injected liquid is also higher, which causes

Fig. 7 Partial dependence of the surface roughness on the fluidization
air inlet temperature. The crosses mark the experimentally investigated
temperatures.

Fig. 8 Partial dependence of the surface roughness on the spray atomization pressure. The crosses mark the experimentally investigated
pressures.

3.2.2 Influence of the fluidization air inlet
temperature
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the formation of finer droplets with high velocity. Once
a droplet collides with a particle, this high velocity leads
to a homogeneous spreading of the droplet on the particle
surface. The fast and even spreading of the droplets before
the water completely evaporates leads to the formation of a
smooth and uniform coating. Furthermore, existing surface
defects can be filled by the small liquid droplets, which
further increases the smoothness of the surface. In contrast, the larger droplets produced at low nozzle pressures
have a lower velocity upon impact with the particles, thus
spreading in a less homogeneous way and creating a more
uneven coating.
Besides the spray air pressure, the droplet characteristics
are dependent on the properties of the spray solution, like
viscosity and surface tension. The surface tension, along
with the solid-vapor and solid-liquid interfacial energy,
determine the contact angle of a droplet on the particle
surface, which characterizes the wetting behavior and
indicates, how well a liquid spreads on a solid surface.
The viscosity influences the flow behavior of the coating
solution and therefore the spreading velocity of the droplets
on the particle surface. Due to the evaporation of the liquid
in the fluidized bed, the viscosity of a droplet is not constant and increasing with the decreasing water content and
therefore increasing solid concentration within the droplet.
In combination with the droplet size and velocity these
factors strongly influence the deposition of the droplets
on the particle surface and therefore the resulting granule
morphology.

4. Conclusions
To investigate the influence of process conditions on
surface morphology, fluidized bed spray granulation experiments were performed with different process parameter
combinations according to a statistical experimental plan.
To characterize the surface structure, the roughness was
measured via confocal laser-scanning microscopy. Compared to the surface characterization methods used in most
previous works, this roughness analysis is advantageous
in terms of measurement time and the possibility of quantifying the morphology. To connect the surface structure
to the process parameters, a linear model was fitted to the
roughness data. A principal component analysis was used
to identify the principal components with significant impact on the roughness.
It can be concluded that the surface roughness is primarily influenced by the drying conditions in the fluidized
bed and the properties of the injected liquid droplets. The
former depends on the spray rate of the coating solution,
which determines the amount of liquid introduced into the
process chamber per time step, and the inlet temperature
of the fluidization air, which impacts the amount of water

that the air can absorb. It was shown that moderate drying
conditions lead to the formation of a coating with a rough
surface, whereas particles with a smooth surface were
produced at high drying rates. This dependence of the
roughness on the drying parameters is explained by the
crystallization of sodium benzoate. Apart from the properties of the coating solution, the droplet characteristics are
affected by the spray atomization pressure at the two-fluid
nozzle in such a way that finer droplets with a higher initial
velocity are formed at higher pressures. Consequently, a
smooth surface was observed for particles coated at high
atomization pressures, while a decrease in atomization
pressure led to higher roughness values.
The correlation obtained in this work allows the prediction of the surface roughness for any combination of
the five investigated process parameters. To improve the
prediction of product properties in fluidized bed spray
granulation and gain a further understanding of the process,
the work flow presented in this study can be applied to
other material systems, in which different micro-processes
and parameters might be important for the surface structure
formation, as well as different apparatus geometries and
configurations.
Future studies will be concerned with the application
of different granulator geometries, like spouted beds that
are used for coating (Pietsch et al., 2018), and scale-up to
pilot-scale granulators with different mixing times (Diez et
al., 2019), as well as utilization of the CFD-DEM method
(Kieckhefen et al., 2020) to correlate mixing times and
particle-scale drying conditions with the resulting surface
structures.
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Nomenclature
measurement area for surface roughness (μm 2)
height at one point of the particle surface (μm)
mean height of the particle surface (μm)
h
ṁ1
liquid spray rate (g/min)
spray atomization pressure (bar)
pat
(21):
spray air temperature (°C)
Tat Nomenclature
fluidization air inlet temperature (°C)
Tin
Vair
fluidization air flow rate (m3/h)
A
h

(22): Nomenclature
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Carbonation Kinetics of Fine CaO Particles in a Sound-Assisted
Fluidized Bed for Thermochemical Energy Storage †
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Abstract
The calcium-looping process, relying on the reversible calcination/carbonation of CaCO3, is one of the most
promising solution to perform thermochemical energy storage (TCES) for concentrating solar power (CSP)
plants. Indeed, CaO precursors such as limestone can rely on the high energy density, low cost, large availability
and nontoxicity. In this work, the study of the sound-assisted carbonation of fine CaO particles (< 50 μm) for
TCES-CSP has been furthered. In particular, a kinetic study has been performed to analyze the effect of the
particular carbonation conditions to be used in TCES-CSP applications, i.e. involving carbonation under high CO2
partial pressure and at high temperature. All the experimental tests have been performed in a lab-scale soundassisted fluidized bed reactor applying high intensity acoustic field with proper frequency (150 dB–120 Hz). The
carbonation kinetics has been analyzed by applying a simple kinetic model, able to properly describe the fast (under
kinetic control) and slow (under diffusion control) stage of the reaction. In particular, the reaction rate, the intrinsic
carbonation kinetic constant and the characteristic product layer thickness have been evaluated, also highlighting
their dependence on the temperature between 800 and 845 °C; a value of 49 kJ mol–1 has been obtained for the
activation energy. Finally, a good agreement between the conversion-time profiles, evaluated from the applied
kinetic models, and the experimental data has been obtained.
Keywords: calcium looping, fine particles, Concentrating Solar Power (CSP), Thermochemical Energy Storage
(TCES), sound-assisted fluidization, kinetics

1. Introduction

which can be evaluated as a function of the temperature (T)
according to (Stanmore and Gilot, 2005):

One of the main challenge for a short-term wider
utilization of solar energy, which is characterized by an
intrinsic intermittency, is represented by energy storage
(Ammendola et al., 2020). In this framework, the calciumlooping (CaL), performed in fluidized bed reactors, is
attracting growing research interest for thermochemical
energy storage (TCES) in concentrating solar power (CSP)
plants, in light of the high energy density, small costs,
non-toxicity, and large availability of natural CaO precursors (Chacartegui et al., 2016; Ortiz et al., 2018). It is based
on the cyclic calcination/carbonation of CaCO3:
0 
CaCO 3  CaO  CO 2 H rxn
178 kJmol 1

(1)

The thermodynamics of the system is strongly dependent
(1)on the CO2 partial pressure (PCO2) (Ortiz et al., 2019),
†
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20474 
Peq 
Py eq 
4.137  10 7 exp  

T 


(2)

eq
The equilibrium PCO ( PCO 2 ) of the carbonation2
calcination reaction, calculated according to Eq. (2), is
(2) in Fig. 1 between 650 and 1000 °C, at different inlet
plotted
CO2 molar ratio (yCO ).
2
eq
It is clear from Fig. 1 that[31]
increasing values of PCO 2 at
a constant temperature or decreasing values of the temeq
perature at a constant PCO 2 favors the carbonation reaction
thermodynamically, i.e. thus yielding larger values of CaO
[31]
carbonation conversion.
It is important to highlight that the optimal operating
conditions of the CaL[31]
process and, therefore, also the CaO
multicycle performance, deeply depend on the particular
application (Ortiz et al., 2018). In particular, high CO2
partial pressure and temperature (≥ 800 °C) can be used
to perform carbonation in order to obtain high global
efficiency for energy storage and electricity production in
CSP plants (Ortiz et al., 2018). In contrast, relatively low
temperature (~750 °C) and CO2 partial pressure can be
adopted to perform the calcination; this can be achieved
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Fig. 1 Equilibrium pressure of CO2 as function of the temperature for
the CaO-CaCO3 system at different inlet CO2 molar ratio (yCO ).
2

using either steam or helium, namely a gas that can be
easily separated from CO2 (Karasavvas et al., 2018). As
discussed by (Chacartegui et al., 2016), this reduction of
the calcination temperature would allow, on the one hand,
to limit the sorbent deactivation over repeated cycle (i.e.
increased residual effective conversions with respect to
conventional CaL for CCS), and, on the the other, to use
less expensive solar receivers. Lower calcination temperatures decrease the radiative losses, thus enhancing the efficiency of the process. Clearly, if He is used for calcination
the He/CO2 gas mixture exiting from the calciner must be
subjected to a separation step, which can be performed
quite easily using selective membranes thanks to the different molecular size of He and CO2. Another crucial point
to take into account is the necessity to have a process with
free CO2 emissions. In this framework, a viable solution,
proposed by (Chacartegui et al., 2016), is to realize the
looping process according to a closed cycle scheme: the
carbonator will be fed with a pure CO2 stream with a rate
remarkably larger than the stoichiometric rate needed for
the carbonation reaction. Then, the CO2 in excess exiting
the carbonator will be used as heat carrier fluid in a closed
Brayton cycle and finally sent to a compression stage before being stored for the subsequent cycles. Clearly, being
a closed cycle entails that there is no need for a continuous
feed of any fresh gas stream, which is especially important
in the case of the expensive He (Chacartegui et al., 2016).
The strong reduction of the CaO carbonation conversion
with cycling operations, caused by sintering and poreplugging, is still one of the main drawbacks and open
challenges in CaL (Benitez-Guerrero et al., 2018; Ortiz et
al., 2019; Sarrión et al., 2018). In this context, it has been
showed that the carbonation conversion can be enhanced
by using fine CaO particles, thus also increasing the obtainable energy density, thanks to the maximization of the
available sorbent surface (i.e. the surface which is actually
in direct contact to the gaseous phase) and to the hindrance
of the intrinsic loss of CaO multicyclic activity (DuránMartín et al., 2020). However, the fluidization of fine

particles is difficult; it is characterized by agglomeration,
channeling and plugging (Raganati et al., 2018; Raganati
and Ammendola, 2021) caused by the strong interparticle
forces (Raganati et al., 2017; Seville et al., 2000). In this
framework, the acoustic vibrations have been proved to
promote and improve the fluidization of fine particles due
to the dynamic break-up of the large particle clusters, thus
also increasing the gas/solids contact efficiency (Raganati
et al., 2020a, 2015). Besides this, sound waves can also
promote other phenomena at the interface between the
gaseous and the solid phase, such as acoustic streaming
(Valverde, 2013), which also contributes to improve the
mass and heat transfer rates (Raganati et al., 2020a). In fact,
we demonstrated in a previous work that the carbonation
performances of fine limestone particles under TCES-CSP
operating conditions can be remarkably improved by the
application of high intensity acoustic fields (Raganati et
al., 2020a). Besides the multicycle carbonation conversion,
also the carbonation kinetics is crucial for the reactor design, especially for the scale-up of thermal processes.
This work represents a further development of the
above-mentioned research activity on the carbonation
reaction of fine CaO particles (< 10 μm) for TCES-CSP.
In particular, considering that the carbonation reaction
(i.e. multicyclic CaO conversion and reaction kinetics) is
remarkably affected by the operating conditions (carbonation thermodynamics and kinetics are strongly dependent
on temperature and pressure), a kinetic study has been
performed to point out the effect of the particular operating
conditions to be applied for TCES-CSP, namely involving
high CO2 partial pressure and high temperature carbonation. A lab-scale sound-assisted fluidized bed reactor has
been used to perform all the experimental tests, applying
acoustic fields of proper intensity (150 dB) and frequency
(120 Hz). The carbonation kinetics has been studied using a
simple kinetic model, able to properly describe the fast and
slow stage of the of the reaction, thus obtaining valuable
data for designing and operating the carbonation reactor.
In particular, the evaluation of the reaction rate, activation
energy and the characteristic product layer thickness has
been performed.

2. Experimental
2.1 Materials and their fluidization behavior
A limestone provided by OMYA with a Sauter diameter
of 3.61 μm and density of 2.71 g cm–3, namely belonging
to Group C of Geldart’s classification, has been used
as sorbent. Further details regarding both the chemicophysical characterization and the fluid-dynamic behavior
can be found elsewhere (Raganati et al., 2020a). Briefly,
the limestone particles are characterized by a natural
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tendency to form large agglomerates (tens of microns)
and by a relatively low BET specific surface area (S0) of
1.6 m2 g–1, according to the typical values of natural limestones (Raganati et al., 2020a).
With reference to the fluid-dynamic behavior, as discussed by (Raganati et al., 2020a), the powder cannot
be properly fluidized under ordinary conditions due to
agglomeration and channeling; i.e. the pressure drops are
always lower than the material weight per unit area, thus
meaning that the bed is not completely fluidized, as typical
of cohesive powders. More specifically, the predominance
of the interparticle forces over weight and drag forces
causes the individual particles to stick to each other and
form agglomerates (agglomeration), which causes, in turn,
a remarkable worsening of the permeability of the bed by
the fluidizing gas (channeling and plugging). In contrast
to this, the application of the acoustic perturbation makes
it possible to remarkably enhance the fluidization quality;
indeed, a regular pressure drop curve has been obtained.
This improvement of the fluidization behavior is due to the
fact that the propagation of the sound wave inside the bed
causes a continuous break-up of the large particle agglomerates into smaller fluidizable structures. More specifically,
the internal cohesive forces are counteracted by the external drag and inertial forces generated by the acoustic perturbation. In particular, according to the cluster/sub-cluster
oscillators model discussed by (Raganati et al., 2017), the
clusters break-up into smaller sub-clusters at the contact
points between them, namely where the collision energy
generated by the sound wave overcome the cohesive interparticle force. In line with these theoretical considerations,
it has been obtained that under sound assisted conditions
the fine limestone particles can be properly fluidized as
agglomerates which are interested by a dynamic break-up
and re-aggregation mechanism. In particular, the fluidizing agglomerate size (30–80 μm), i.e. the real size of the
fluidizing structures, is always bigger than the nominal
size of the powder (3.61 μm, the Sauter diameter obtained
from the granulometric analysis), regardless of the applied
acoustic parameters.
With reference to the effect of the sound parameters, it
has been found that increasing the SPL (sound pressure
level) value from 120 to 150 dB has a beneficial effect on
the fluidization quality, thus meaning that acoustic field
with higher intensity should be employed to maximize the
fluidization quality. Indeed, both the fluidizing aggregate
size and the minimum fluidization velocity are always
decreased by passing from 120 to 150 dB. This is due to the
enhancement of the energy introduced inside the bed when
the SPL is increased, which implies that the break-up mechanism becomes more and more efficient. Indeed, when the
SPL is increased from 120 to 150 dB, the size of the fluidizing agglomerates is reduced, thus resulting in the decrease
of the minimum fluidization velocity. Sound frequency,
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on the contrary, has been found to have a non-monotonic
effect on the fluidization quality. Indeed, both the fluidizing
aggregate size and the minimum fluidization velocity are
characterized by a nonlinear relationship with the sound
frequency, i.e. an optimum value of frequency equal to
120 Hz can be observed. This behavior has been explained
considering that the frequency directly affects the relative
motion between clusters and sub-clusters, which, in turn,
promotes the break-up and re-aggregation mechanism. In
particular, for too high values of frequency, the propagation
of the acoustic wave through the bed of particles is poor
due to the increased sound absorption coefficient, which is
proportional to the square of sound frequency. Hence, for
a sound source positioned at the top of the fluidization column, the upper part of the bed absorbs most of the acoustic
energy and only a very attenuated sound wave manages to
reach the bottom part of the bed. Consequently, the disruption of the large agglomerates present at the bottom of the
bed is very weak, thus causing a reduction of the fluidization quality, i.e. an increase of the minimum fluidization
velocity. Contrarily, for too small sound frequencies,
there is no relative motion between larger agglomerates
and smaller sub-agglomerates, which also leads to a weak
break-up mechanism and poor fluidization quality.
Finally, also the effect of the temperature on the fluidization behavior has been analyzed by (Raganati et al., 2020a)
performing test at different temperatures (25–850 °C),
pointing out that increased fluidization difficulty is encountered as the temperature is increased. This result has been
explained referring to the fact that interparticle forces are
intensified at higher temperatures. Then, as more and more
particles tend to adhere to one another, larger fluidizing
agglomerates (passing from 30 to 80 μm when temperature
is increased from 25 to 850 °C) result from the intensification of the interparticle forces. Consequently, the minimum
fluidization velocity is also increased when temperature is
increased from 25 to 850 °C, as a result of the increased
fluidizing agglomerates size.

2.2 Experimental apparatus and procedure
In this work, sound-assisted (150 dB–120 Hz) fluidization tests have been performed to experimentally study the
kinetics of the carbonation reaction of fine natural CaO
particles at operating conditions relevant in the CaL-CSP
integration for TCES. Optimal parameters of the acoustic
field, i.e. those providing the best fluidization quality, have
been chosen according to the results obtained from the
fluid-dynamic characterization of the limestone (Raganati
et al., 2020a), briefly summarized in the Section 2.1.
All the experimental tests have been performed in a
lab-scale sound-assisted fluidized bed (40 mm ID) at
atmospheric pressure. Further details regarding the soundgeneration system have been reported in previous works
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(Raganati et al., 2020a). The gas feed has been prepared
using N2 and CO2 cylinders (99.995 % vol.); two mass
flow controllers (Brooks 8550S) have been used to set/
control the inlet flowrates. A heating jacket (Tyco Thermal
Controls GmbH) has been used to heat the column up to
the desired temperature. The temperature of the reactor is
monitored and controlled by means of a type K thermocouple linked to a PID controller. The outlet CO2 concentration is continuously monitored by means of an analyzer
provided with an infrared detector (ABB AO2020, URAS
14) (Raganati et al., 2020b). Before the carbonation tests,
a pre-treatment of the limestone particles was performed;
in order to obtain pure CaO, the CaCO3 sample (100 g)
is calcined (T = 900 °C) under sound-assisted fluidization
conditions (150 dB–120 Hz) for 2 h and using N2 as fluidizing gas (115 NL/h, corresponding to a superficial gas
velocity of 2.5 cm/s, i.e. about five times the minimum
fluidization velocity of the sorbent material (Raganati et
al., 2020a)). On the basis of the fluid-dynamic characterization, optimal parameters (intensity and frequency) of
the acoustic perturbation have been selected (Raganati et
al., 2020a). Then, the sample is carbonated under soundassisted fluidization conditions (150 dB–120 Hz) using
CO2 (70 vol% CO2 in N2) as inlet gas flowrate (115 NL/h)
and at different temperatures (800 °C, 815 °C, 830 °C,
845 °C and 860 °C) until the sorbent is completely saturated. The CaO conversion (X) has been calculated from
the amount of CO2 reacted with CaO, which, in turn, has
been evaluated from the measured outlet CO2 concentration profiles (Raganati et al., 2020a).

3. Carbonation kinetics
The carbonation involves the reaction of a solid reactant
(CaO) with a gaseous reactant (CO2) to produce another
solid (CaCO3) (Khawam and Flanagan, 2006).
In particular, the carbonation reaction takes place in
two stages with two different kinetic regimes (Raganati
et al., 2020a). At the beginning, the carbonation occurs
fast under the control of by the kinetics of the chemical
reaction between the CO2 molecules and the CaO (Stage
A) (Raganati et al., 2020a). After this initial kineticallycontrolled period, the free sorbent particle surface is covered by a thin layer of carbonate; therefore, the diffusion of
CO2 molecules through this solid layer starts to control the
reaction (stage B) (Raganati et al., 2020a). In this context,
the product layer thickness is a very important factor to
analyze the shift from the fast to the slow reaction stages
(Alvarez and Abanades, 2005).
The reaction rate is evaluated as the time evolution of the
conversion degree, X(t), which can assume characteristic
shapes (Li Z. et al., 2012). Then, the kinetic analysis aims
to examine these shapes and explain them by means of

physical fundamental mechanisms (Khawam and Flanagan, 2006).
The reaction rate (dX/dt) can be written as:

dX
 r T  f  X 
dt

(3)

where r(T) (min–1) is the temperature-dependent reaction
rate and f(X) is the reaction model describing the reaction
(1) (3) By integrating Eq. (3), the integral form of the
mechanism.
kinetic model g(X) can be obtained:
t

g X   

0

dX t
f X 

(4)

After the time evolution of the carbonation degree has
been evaluated experimentally, the reaction kinetics can be
(2) (4)
analyzed by selecting the most appropriate apparent kinetic
model to fit the experimental data (Ashraf and Olek, 2018;
Khawam and Flanagan, 2006).
The most important feature of these models is that
they lump together all the mass transfer resistances, such
as external diffusion, diffusion in the pores, and surface
reaction (Khawam and Flanagan, 2006; Sun J. et al., 2008).
Then, the selected kinetic model is used to experimental
data in order to calculate an apparent global kinetic rate
(Ammendola et al., 2021; Khawam and Flanagan, 2006;
Sun J. et al., 2008). By definition, an apparent kinetic rate
is different from the intrinsic reaction rate, which will be
dependent on a number of experimental variables and/or
sorbent morphological features (Goodbrake et al., 1979;
Khawam and Flanagan, 2006; Sun J. et al., 2008). Clearly,
the use of apparent kinetic models holds the advantage to
be more simple, i.e. all the reaction steps can be accounted
in one expression (Salaudeen et al., 2018). However, these
models are scale-dependent due to the influence of transport phenomena (Khawam and Flanagan, 2006; Sun J. et
al., 2008).
So far, several apparent models have been developed for
the carbonation reaction, based on different mechanistic
assumptions (Fedunik-Hofman et al., 2019a). In this framework, Lee (Lee, 2004) proposed a model equation for the
apparent kinetics of the CaO carbonation in differential and
integral form:
2

dX
X 

 r 1 
dt
X u 


(5)

X ut
X t 
(3) (5) X u / r  t

(6)

where r (min–1) is the apparent reaction rate and Xu is
the ultimate CaO carbonation conversion; with the time
(4) (6)
evolution of the carbonation reaction, the reaction becomes slower since the carbonate product layer starts to
form, thus hampering the access of CO2 molecules to the
residual CaO and leading to values of ultimate conversions
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< 100 %. Then, the reaction rates of the two carbonation
stages (stage A and B), rA and rB, can be determined by data
fitting, using the linear form of Eq. (6):
1
1 1
1
   
X
r  t  Xu

(7)

In particular, a bi-linear plot will be obtained, i.e. two
lines with different slopes depending on whether the
(5) (7)
reaction
is either under kinetic control (stag A) or under
diffusion control (stage B). Then, rA and rB are evaluated
from the slope of the plot, whereas, the ultimate conversion
at the end of stage A and B, XuA and XuB, can be calculated
from the intercept of the plot (Lee, 2004). Since the carbonation reaction may be incomplete, the extent of conversion,
α, is also used; it is evaluated as X/Xu.
The coefficient of correlation, R2, assuming values
between 0 to 1, and the sum of squares errors function
(SSE) (Foo and Hameed, 2010), where the lower the SEE
value the better the fitting quality is, have been calculated
to assess the fitting quality of the kinetic model to the
experimental data. In particular, SSE can be calculated
according to:


SSE

in

  X mod
i 1

i

 X expi 

2

(8)

ning of the reaction (stage A) whereas the reaction is large;
therefore, reaction is under kinetic control (Sun P. et al.,
2008); ii) the reaction rate, rA, evaluated from the slope of
the linear plot, as discussed above, is extended to represent
the true rate at the zero conversion point (i.e. rA = r0) (Sun
P. et al., 2008).
The reaction rate at the beginning can be written in
power law as (Sun P. et al., 2008):
dX
dt

n
eq
 3rA  M CaO k s PCO 2  PCO
 S0
2

(10)

t 0

eq
where PCO 2  PCO 2  is the reaction thermodynamic driving
force, n is the reaction order and ks is the intrinsic chem(8)
(10) rate constant. ks can be calculated using the
ical
reaction
Arrhenius equation:
[33]

ks  k 0exp  E



RT



(11)

being E the activation energy and k0 the pre-exponential
factor.
(9)
(11) to Sun P. et al. (2008), the reaction is zeroAccording
eq
order (n = 0) for PCO 2  PCO 2  > 10 kPa. Considering that
PCO of 0.7 atm has been used for all the tests performed in
2
this work, the assumption that the reaction order is zero is
always valid. Then, considering Eq. (11), Eq. (10) can be
[33]
re-written in logarithmic
form as:

where Xexp and Xmod are the experimental and modeled
carbonation conversion degree, respectively, and n is the
(8) of experimental points.
number
(12)

ln r1 ln M CaO k 0 S 0 / 3  E
RT
According to several works available in the literature
(Alvarez and Abanades, 2005; Biasin et al., 2015; Criado
Hence, fitting Eq. (12) with the values of rA, obtained
et al., 2018; Li Z. et al., 2012a,b), the conversion, XuA, at
at the different investigated temperatures, E and k0 can be
(12)
which the reaction shifts from stage A (i.e. kinetic control)
calculated.
to stage B (diffusion control) is also linked to the thickness
of product layer. Hence, the effect of the temperature
on XuA has been linked to the variation of the product
4. Results and discussions
layer thickness with the carbonation temperature. In fact,
XuA represents the value of the CaO conversion degree
The results obtained in terms of time evolution of CaO
specifically corresponding to the critical product layer
carbonation conversion at different temperatures are rethickness (Alvarez and Abanades, 2005). As discussed in
ported in Fig. 2.
(Alvarez and Abanades, 2005), knowing the value of XuA,
Clearly, the CaO carbonation rate varies with the evoluthe product layer thickness at the end of stage A, h, can be
tion of the conversion degree, i.e. the reaction is kineticallyevaluated as:
controlled at very small conversion values (stage A),
whereas it is diffusion-controlled at larger conversion
M
X uA VCaCO
3
(9)
values (stage B). In particular, the reaction proceeds
h
S 0 M CaO
relatively fast at low levels of conversion degree, with
M
where MCaO is the molecular weight of CaO, VCaCO
is
the
the temperature strongly affecting the initial rates. After
3
molar volume of CaCO3 and S0 is the CaO specific surface
this initial stage, with the carbonation reaction going on
(7)
(9)
area.
and the conversion increasing and becoming closer to the
As proposed by in (Sun P. et al., 2008), the[32]
grain model
ultimate conversion value, Xu, at which no more significant
has been used to calculate the intrinsic reaction rate conconversion is obtained at each temperature, the carbonation
stant (ks), which is an intrinsic feature of the material, of
rate gets close to zero. More specifically, the dense product
the carbonation reaction in the stage A (i.e. the kineticallylayer forming on the pore wall hinders the diffusion of the
controlled period). The main assumptions of this model
CO2 molecules through it and, therefore, the reaction conare: i) the diffusion resistance can be neglected at the begintinues to take place under diffusion control.
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The tight link between the carbonation rate and the
temperature has been more evidently highlighted plotting
the extent of carbonation (α) (Fig. 1(b)), i.e. removing the
effect of Xu which is itself temperature dependent.
Fig. 3 shows the plots of the experimental values of 1/X
vs 1/t for the different temperatures. Then, the apparent
reaction rates (rA and rB) and the ultimate conversion (XuA
and XuB) have been evaluated (Fig. 3) from the slope and
intercept of the two linear segments of the plot. In par-

ticular, XuA and XuB have been calculated as the values of
carbonation conversion corresponding to the change of the
slope and for 1/t tending to 0, respectively. It is clear that
the experimental data reported in Fig. 3 follow a bi-linear
pattern. The two different linear segments of the plots confirm the existence of stage A and stage B of the carbonation
reaction, occurring under two different rate-controls (i.e.
kinetic and diffusive controls).
As regards the fast kinetically controlled stage (stage A),
it is evident, from the analysis of Fig. 4(a), that that the reaction rate does not monotonically increase with increasing
temperatures. Indeed, increasing the temperature from 800
to 850 °C, rA, i.e. the rate of the fast carbonation stage, is
increased according to the reaction kinetics being typically
favored by increasing values of temperature. However,
for temperature larger than 850 °C the carbonation rate

Fig. 2 Time evolution of the conversion degree (X) (a) and carbonation
extent (α) (b) experimentally measured at different temperatures.

Fig. 3 Plot of 1/X versus 1/t for the experimental carbonation conversion data.

Fig. 4 Apparent kinetic rates (r), ultimate carbonation conversion
degree (Xu) and carbonation extent (αu) of the stage A (a) and stage B (b)
of the carbonation reaction and thickness (h) of the CaCO3 product layer
(h) (c) as functions of the temperature.
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decreases.
Therefore, rA reaches a maximum value at a certain temperature (845 °C); above this temperature, i.e. approaching
the equilibrium temperature (870 °C), it gradually decreases. In accordance to thermodynamic principles and as
clearly shown Fig. 1, the carbonation reaction occurs, at a
eq
certain temperature, for values of PCO larger than PCO 2 . In
2
eq
particular, at a fixed CO2 partial pressure, PCO 2 increases
when the temperature is increased (Eq. (2)), thus leading
eq
to a decrease of PCO 2  PCO 2  , i.e. the thermodynamic
[31]
pressure driving force; therefore, as typical of exothermic
[31]
reactions, the carbonation reaction has the tendency to
become thermodynamically unfavored with increasing
[33]
temperatures (Fedunik-Hofman
et al., 2019b; Sedghkerdar
et al., 2015; Sun P. et al., 2008; Yin et al., 2014). In other
words, increasing the temperature at fixed PCO , the reverse
2
reaction (calcination) tends to be favored thermodynamically as the equilibrium temperature is approached
(870 °C) (Fedunik-Hofman et al., 2019b; Sedghkerdar et
al., 2015; Sun P. et al., 2008; Yin et al., 2014).
This experimental evidence agrees with the data reported
in (Ortiz et al., 2018) and (Kyaw et al., 1998) for the CaO/
CaCO3 system when operated at the high temperatures
useful for TCES, i.e. near equilibrium conditions. Clearly,
the evidence that, at TCES-CSP operating conditions, the
fast carbonation rate does not show a monotonic increasing
trend when the temperature is increased is very important.
In particular, the temperature (845 °C) at which the
reaction rate can be maximized is a key point for real applications. Indeed, it must be considered that the selection
of the plant operating temperatures needs to be the result
of a compromise between the kinetic and thermodynamic
requirements. On the one hand, working at higher carbonation temperatures will enhance the power generation
efficiency, in line with the second law of thermodynamics
(Ortiz et al., 2018). But, on the other hand, working at temperatures approaching the thermodynamic equilibrium will
eventually hinder the carbonation kinetics.
Also regarding stage A, of the carbonation reaction
(namely the kinetics-controlled stage), it can be inferred
from the corresponding linear segment of the plot (Fig. 3)
that the ranges of data characterized by a linear correlation
become narrower and narrower as the temperature is decreased from 845 °C (i.e. before the trend inversion caused
by the thermodynamic equilibrium approach) to 800 °C.
On the contrary, at lower values of temperature, the rate of
the fast carbonation stage depends more on the diffusion
limitation, thus moving away from the kinetic control even
at lower values of carbonation conversion (Fig. 3). In fact,
the carbonation reaction occurs mostly under kinetic control, i.e. almost up to the ultimate conversion (XuB), as the
temperature is increased up to 845 °C, with less effect of
the diffusion-controlled stage. This is also clearly inferable
from Fig. 4(a), showing that the carbonation conversion
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achievable at the end of the kinetic-controlled stage (XuA),
namely when the CaO conversion levels start to move
away from the kinetic control, increases when the temperature is increased up to 845 °C. In contrast, XuA decreases
with a further increase of the temperature. This agrees with
the increase of the reaction rate when the temperature is
increased up to 845 °C and with its decrease for larger values of the temperature. This same trend is also obtained for
the extent of carbonation, α, which means that increasing
the temperature up to 845 °C leads to an increase of the
fraction of lime reacted in the fast kinetic-controlled stage,
i.e. the fast carbonation stage provides a larger contribution
to the global carbonation conversion.
The obtained non-linear dependence of ra on the temperature has been also linked to the critical product layer
thickness, i.e. the values of product layer thickness at the
end of stage A (Alvarez and Abanades, 2005), being maximum at 1000 °C (Fig. 4(c)). Evidently, the product layer
thickness increases (from 301 to 342 nm) when the carbonation temperature is increased from 800 to 850 °C, namely
for temperatures sufficiently away from the equilibrium
temperature (i.e. before the inversion of the reaction rate
caused by the thermodynamic limitations (Sun P. et al.,
2008)). This result agrees with previous works available
for the CaO/CaCO3 system even under different operation
conditions (Abanades and Alvarez, 2003; Alvarez and
Abanades, 2005; Biasin et al., 2015; Criado et al., 2018;
Li Z. et al., 2012a,b; Mess et al., 1999). The explanation of
this result can be found in a mechanistic kinetic study recently performed by Alvarez and Abanades (2005). The effect of the reaction temperature on the carbonation reaction
has been studied through images of the CaO and CaCO3
surfaces reacting with CO2, obtained using atomic force
microscopy. It was pointed out that larger product islands
formed at higher carbonation temperatures, as a result of
the diffusion of product molecules or ions becoming faster
at higher temperatures (Alvarez and Abanades, 2005).
Therefore, a bigger product layer tends to form at higher
temperatures, thus enhancing the CO2 carrying capacity of
CaO (Alvarez and Abanades, 2005).
As regards the slow carbonation stage, a monotonic
increase with increasing temperatures has been observed
(Fig. 4(b)), in agreement with the diffusion of CO2 molecules within the carbonate layer becoming more efficient
at higher temperatures. It can also be inferred, from the
analysis of Fig. 4(b), that, as the temperature is increased
up to 845 °C, the carbonation reaction achieves greater
conversion levels, even though, according to the thermodynamic principles, the carbonation reaction should
be favored, thus resulting in greater conversion levels at
lower temperatures. In fact, according to thermodynamics, higher final conversion should be achieved at lower
temperatures. This is due to the exothermicity of the carbonation reaction and is in agreement with the fact that the
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thermodynamic driving force of the carbonation reaction
PCO2  PCOeq 2  is reduced as the temperature gets close to
the equilibrium temperature. However, even though in
contrast to thermodynamic predictions, this result, which
agrees with results previously reported on CaO carbonation
[33]
(Bhatia and Perlmutter, 1983), is due to the enhancement of
CO2 diffusion through the carbonate product layer at higher
temperatures (Rouchon et al., 2013). On the contrary, at
lower temperatures the diffusion becomes slower, thus
hindering the achievement of larger ultimate conversions
within reasonable time frames (Rouchon et al., 2013).
Clearly, an excessive increase of temperature eventually
ends up in decreasing the final conversion degree as the
thermodynamic limitations outbalance the enhanced CO2
diffusional mobility.
Then, values of the rates obtained in the chemical reaction control regime (rA) have been used to evaluate the
intrinsic rate constant (ks) and its temperature dependence
between 800 and 850 °C, namely before the reaction rate
is inverted due to thermodynamic limitations (Sun P. et al.,
2008). In particular, the activation energy of the reaction,
E, and the pre-exponential factor, k0, have been calculated
(Fig. 5), thus obtaining the dependence of the intrinsic rate
constant, ks, on the temperature in the temperature range of
800–850 °C:

k s  3.56  10 2 exp 49.19 / RT 

(13)

The obtained activation energy (E = 49.19 kJ mol−1)
(13)
for(11)
the carbonation
reaction of the fine CaO is in line with
data reported in the literature (Lee, 2004; Salaudeen et al.,
2018).
%%%%%%%%%%%%%%%%%%%%%%%
Using the kinetic parameters obtained in the two carbonation reaction stages, the time evolution of the carbonation
conversion has been evaluated, thus validating the results
obtained from the kinetic analysis. In particular, the plots
obtained applying the model equation, using the kinetic
constants obtained in the stage A and B of the reaction,
are shown in Fig. 6 in comparison with the experimental

Fig. 5

ln (rA) vs 1/T (Eq. (12)) for the carbonation reaction.

curves. Clearly, using the kinetic parameters obtained in
the chemical reaction controlled regime makes it possible
to fairly predict the initial stage of conversion, whereas,
using the kinetic parameters obtained in the diffusion
controlled regime makes it possible to predict well the last
stage of conversion.
Therefore, there is not a unique kinetic constant able to
properly describe the entire carbonation reaction, i.e. over
the entire time frame. Indeed, there is always a period of
time in which the carbonation reaction is influenced by both
the chemical reaction between the CO2 molecules and the
CaO surface and by the diffusion of CO2 through the solid
layer. Considering that the proposed model can separately
describe the two stages of the carbonation reaction with a
rather good accuracy (i.e. the experimental data of the stage
A and stage B agree well with the predicted values), the
combination of the two different predictions, i.e. using the
parameters separately obtained in the two control regimes,
makes it possible to fairly describe the carbonation reaction
in the entire time frame.

5. Conclusions
The carbonation kinetics of fine CaO particles (< 10 μm)
has been investigated for TCES-CSP at realistic operating
conditions, namely at high CO2 partial pressure and temperature (800–845 °C). Tests have been performed in a
lab-scale sound-assisted fluidized bed and the carbonation
kinetics has been analyzed using a simple apparent kinetic
model. Then, the reaction rate, activation energy and the
characteristic product layer thickness have been evaluated.
The main conclusions and observations derived from the
kinetic study are:
● At operating conditions functional for TCES-CSP applications, the rate of the fast carbonation reaction does not
monotonically increase with the temperature. Indeed, the
reaction rate reaches a maximum at 845 °C; above this
temperature, i.e. approaching the equilibrium temperature, it gradually decreases.
● XuA, i.e. the carbonation conversion at the end of the
stage A, also increases when the temperature is increased
up to 845 °C; on the contrary, it decreases when the
temperature is increased further, in line with the trend
observed for the reaction rate. This has been also related
to the critical carbonate product layer, h, at the end of
stage A, which also increases (from 301 to 342 nm)
when the temperature is increased up to 845 °C.
● The rate of the slow carbonation reaction monotonically
increases with increasing temperatures, due to the enhancement of the diffusion of CO2 molecules within the
carbonate layer at higher temperatures.
● As the temperature is increased from 800 up to 845 °C,
the carbonation reaction achieves higher ultimate
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Fig. 6 Comparison between the experimental and theoretical values of X predicted using the kinetic parameters obtained in the kinetic (stage A) and
diffusion (stage B) rate control regimes. Carbonation temperature: (a) 800, (b) 815, (c) 830, (d) 845, (e) 860 °C.

conversion levels, in contrast to thermodynamics predicting greater conversion levels at lower temperatures.
On the contrary, the final conversion degree is decreased
for temperatures larger than 845 °C due to the fact that
the thermodynamic limitations outbalance the enhanced
CO2 diffusional mobility.
● The intrinsic carbonation kinetic constant and its temperature dependence have been also evaluated between
800 and 845 °C; a value of 49 kJ mol–1 has been obtained for the activation energy.
The proposed model can separately describe the two
stages of the carbonation reaction; therefore, the carbonation reaction can be fairly described in the entire time
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frame combining the two different predictions, i.e. using
the parameters separately obtained in the two controlling
regimes.
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Nomenclature
E

activation energy of the intrinsic kinetic rate of
the fast carbonation reaction

f(X)
g(X)
h

MCaO

reaction kinetic model
integral form of the reaction kinetic model
thickness of the CaCO3 product layer at the
transition between the fast and slow reaction
periods
pre-exponential factor of the intrinsic kinetic
rate of the fast carbonation reaction
molecular weight of CaO

PCO
2
eq
PCO
2

CO2 partial pressure
equilibrium CO2 partial pressure

S0
t
[51]
rA
rB
X
XuA

CaO specific surface per unit mass
time
apparent reaction rate of stage A (min–1)
apparent reaction rate of stage B (min–1)
carbonation conversion degree (–)
ultimate carbonation conversion degree at the
end of stage A (–)
ultimate carbonation conversion degree at the
end of stage B (–)
CaCO3 molar volume

k0

XuA
M
VCaCO
3

Greek letters
α

extent of carbonation conversion (–)

[52]
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Abstract
Microspheres composed of poly (lactic-co-glycolic acid) (PLGA) were formed in liquid droplets using the
electrospray technique. The structure of the microspheres was controlled by changing the electric voltage of the
electrospray. PLGA microspheres with porous structures and micro-sized nanocomposite particles comprising
PLGA nanosphere aggregates were formed at 5.0–7.0 kV and 2.5–3.5 kV, respectively. The structural change was
related to the extent of evaporation of the solvent from the droplets during their flight. When the evaporation was
completed in the relatively small droplets, the microspheres with porous structures were formed in the droplets. To
study the mechanism, we observed the effects of the electric voltage of the electrospray, PLGA concentration, flight
distance of the droplets, and molecular weight of PLGA on the structure of the PLGA particles. The novelty of this
study is the analysis of the size and structure of the PLGA microparticles, which were controlled by the electrospray
technique. Therefore, this research has important implications for the structural design and preparation of
nanocomposite particles.
Keywords: electrospray, emulsion solvent diffusion method, poly (lactic-co-glycolic acid), porous microparticle,
nanosphere

1. Introduction
The emulsion solvent diffusion (ESD) method in water
devised by Kawashima et al. (Kawashima et al., 1982;
1998) is an established method for producing drug-loaded
poly (lactic-co-glycolic acid) (PLGA) nanospheres. PLGA
and the drug are dissolved in a mixture of acetone and
ethanol and dropped into a stirred polyvinyl alcohol
(PVA) aqueous solution. Nano-sized emulsion droplets are
formed by spontaneous emulsification associated with the
rapid diffusion of acetone into the external aqueous phase
after dropping. Then, mutual diffusion of the solvents
causes PLGA and the drug to precipitate as the solubility
decreases. At this time, the external PVA phase is adsorbed
onto the surface of the emulsion droplets and prevents the
coalescence of emulsion droplets. This principle makes
this method suitable for the production of ~200-nm-sized
drug-loaded PLGA nanospheres, with a uniform particle
†
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size distribution, and it has been researched extensively as
a new drug delivery system (DDS) technology (Kimura et
al., 2008; Nakano et al., 2009; Hara et al., 2008; Tsujimoto
et al., 2007a; 2007b).
In this study, the ESD method was scaled (crystallizer
size, 100 L) at the Pharmaceutical/Beauty Science Research
Center of the Hosokawa Micron Corporation. The following steps were completed: (1) mass production of PLGA
nanospheres loaded with useful ingredients for cosmetics
and quasi-drugs (Charlesworth et al., 1960), and manufacturing and sale of unique skincare products and hair growth
formulas containing these PLGA nanospheres; (2) development of a Good Manufacturing Practice (GMP) production
method (Tsujimoto et al., 2004; 2007b) for ~80-nm-sized
PLGA nanospheres that can undergo sterile pressure
filtration (Tsukada et al., 2009), for use in injectable
pharmaceutical formulations. The study developed a production method for the practical use of PLGA nanospheres.
However, there were issues in applying the ESD method
regarding (1) the formation of PLGA microspheres and (2)
the formation of PLGA nanocomposites. For example, in
the manufacture of the PLGA microspheres, it is difficult
to apply methods other than a W/O/W emulsion solvent
evaporation method (in-liquid drying method) (Toguchi et

Copyright © 2022 The Authors. Published by Hosokawa Powder Technology Foundation. This is an open access
article under the CC BY license (https://creativecommons.org/licenses/by/4.0/).
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Table 1 Chemical properties of PLGA used in experiments.

Sample A

Sample B

Sample C

Average molecular weight

5,000

20,000

50,000

Ratio of lactic acid and glycolic acid

75:25

75:25

75:25

Manufacturer

FUJIFILM Wako Pure
Chemical Corporation

FUJIFILM Wako Pure
Chemical Corporation

MITSUI Chemicals, Inc.

al., 1991; Okada et al., 1997) using a strong solvent (chloroform, dichloromethane); however, the method carries a
high environmental load. Regarding PLGA nanocomposites, an example of typical use is dry powder inhaler (DPI)
formulations. Microcomposite particles comprised of drugloaded PLGA nanospheres possess both the flowability
(capsule fillability and alveolar delivery) and redispersibility into nanospheres (absorption into alveolar tissue)
required of DPI formulations (Tsujimoto et al., 2005;
Yamamoto et al., 2004; 2007). However, the manufacturing process requires the formation of PLGA nanospheres
using the conventional ESD method and a subsequent
mechanical compounding process (Yamamoto et al., 2004;
2007) which can be time consuming and labor intensive.
Therefore, a new manufacturing process is desirable.
The electrospray fine particle preparation method is
attracting attention because particle size can be controlled
by varying the electrostatic potential between the counter
electrode and liquid (Kobara et al., 2019). In this study, as
a novel method, we used an electrospray of the PLGA solution onto the surface of the PVA aqueous solution phase.
From the results obtained, it can be inferred that, unlike in
the conventional ESD method, it is possible to control the
particle size from submicron to several micrometers with
the same solvent composition without using a chlorinated
solvent. In particular, it was found that the characteristic
PLGA microspheres, such as PLGA microspheres with a
porous structure and micro-sized nanocomposite particles,
comprising PLGA nanosphere aggregates, can be produced
by changing the preparation conditions. This result is
important for the structural design and preparation of nanocomposite particles when applying PLGA microspheres as
various platforms for DDS.
We would like to report herein this paper the mechanism
for the PLGA microspheres formed in the electrosprayed
liquid droplets, and the structure-controlling factors such
as electric voltage, concentration of PLGA, flight distance
of the electrosprayed droplets and molecular weight of
PLGA.

2. Experimental
2.1 Apparatus and method
In this experiment, three types of PLGA (Sample A,
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Fig. 1 Schematic picture of experimental setup for the PLGA particle
formation with electrospray.

B: Fujifilm Wako Pure Chemicals, Sample C: Mitsui
Chemicals) were used without further purification. Table 1
lists the basic chemical properties of the materials. Sample
B (molecular weight (MW): 20,000 Da) was used for the
experiments except for the experiment concerning the
effect of the molecular weight.
Fig. 1 shows a schematic of the experimental setup for
the PLGA particle formation. A glass beaker (cylindrical
shape, outer diameter of 53 mm, height of 70 mm) was
filled with 50 ml of 0.25 wt% PVA aqueous solution, and
placed on a temperature-controlled stirrer. A stainless-steel
nozzle (outer diameter of 0.26 mm, inner diameter of
0.13 mm) was situated above the PVA aqueous solution
surface. The distance between the nozzle tip and PVA
aqueous solution surface was set to 20 mm as the standard
condition. A high voltage for the electrospray was supplied
between this nozzle and the counter electrode through a
high-voltage DC power supply unit (HJPQ-10P3, HJPQ10N3 (Matsusada Precision Inc.)). Because the counter
electrode was in the aqueous solution, the surface of the
aqueous solution acted as the counter electrode for the
electrospray, as shown in Fig. 1.
For the preparation of PLGA particles, PLGA (33 mg/ml)
was dissolved in an acetone/ethanol mixture with a 2:1
volume ratio. The PLGA solution was pumped with a constant flow rate of 0.03 ml/min using a microsyringe pump
(YSP-101, YMC Co., Ltd.) to the electrospray nozzle,
which was supplied with a high voltage. The concentration
of the PLGA solution (33 mg/ml) was the same as that used
in the conventional ESD method.
At the nozzle tip, the PLGA solution was fragmented
into charged droplets according to the electrospray
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principle. The charged droplets were continuously sprayed
onto the surface of the PVA aqueous solution, which
was gently stirred using a magnetic stirrer (stirrer size:
8 × 25 mm, cylinder type, and 800 rpm).
For each experiment, the PLGA solution was electrosprayed at 0.03 ml/min for 60 min, i.e., 1.8 ml of PLGA
solution was sprayed onto the surface of the PVA aqueous
solution. This experiment was conducted at room temperature (288–293 K). After spraying, the PLGA particles
suspended in the PVA solution were analyzed using the following procedures: (i) centrifugation of the PVA solution
containing PLGA particles (48,000 × g, 4 °C, 30 min); (ii)
removal of supernatant; (iii) redispersion with purified wa-

ter and observation with a scanning electron microscope.
Fig. 2 shows a typical SEM image of the PLGA particles
produced using Run 4 (Table 2). The Feret diameters of the
particles were measured from the SEM images (magnification: 500–2000×). The average particle size was calculated
by measuring the Feret diameters of 20–30 particles.

2.2 Liquid droplets generated by electrospray
The PLGA solution was electrosprayed in a strong electric field between the nozzle tip and counter electrode. The
electrospray was started at 2.5 kV, and the electric voltage
was increased slowly, while the PLGA solution was fed
into the strong electric field at 0.03 ml/min through the
nozzle, as shown in Fig. 3. At 2.5 kV, a Taylor cone and
relatively large liquid droplets, which fragmented from
the Taylor cone, were observed (Fig. 3(a)). The formation
of the Taylor cone, which is a characteristic of the electrospray, indicates that the electrospraying was accurately
performed. The liquid droplets were generated by the
electrostatic repulsion between the electric charges formed
on the Taylor cone, which is called “coulombic explosion.”
Coulombic explosion can occur several times when the
charge density is increased, owing to solvent evaporation
from the droplets. With the increase in electric voltage,
from 2.5 kV to 7.0 kV, the size of the liquid droplets decreased, owing to more coulombic explosion events. When
the electric voltage was higher than 3.5 kV, multiple Taylor
cones were formed (Figs. 3(b), (c), (d)). The droplet size
was too small to be observed through a high-speed camera

Fig. 2 An example of Feret diameter measurement using a SEM image
of Run 4.
Table 2 Experimental conditions.

Run

Voltage
(kV)

Distance of
nozzleinterface
(mm)

Spray rate
(ml/min)

Type of
PLGA

PLGA concentration
(mg/ml)

Ratio of PLGA
concentration to
standard concentration of 33 mg/ml

Ratio of
acetone and
ethanol

Particle size
(μm)

1

+2.0

20

0.03

B

33

×1

2:1

–

2

+2.5

20

0.03

B

33

×1

2:1

6.19 ± 0.40

3

+3.5

20

0.03

B

33

×1

2:1

3.13 ± 0.83

4

+5.0

20

0.03

B

33

×1

2:1

2.04 ± 0.40

5

+7.0

20

0.03

B

33

×1

2:1

1.86 ± 0.54

6

+5.0

20

0.03

B

3

× 1/10

2:1

–

7

+5.0

20

0.03

B

7

× 1/5

2:1

–

8

+5.0

20

0.03

B

17

× 1/2

2:1

1.83 ± 0.70

9

+5.0

20

0.03

B

67

×2

2:1

3.44 ± 0.39

10

+5.0

20

0.03

B

133

×4

2:1

4.83 ± 0.43

11

+5.0

10

0.03

B

33

×1

2:1

1.52 ± 0.14

12

+5.0

40

0.03

B

33

×1

2:1

3.65 ± 0.44

13

+5.0

20

0.03

A

33

×1

2:1

1.30 ± 0.70

14

+5.0

20

0.03

C

33

×1

2:1

4.08 ± 0.40

Run 4: Criteria condition of this experiment.
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Fig. 3 Photographs taken with high speed camera of electrospray pattern according to the supplied voltage. The video is available publicly at
https://doi.org/10.50931/data.kona.17030060

(Photron, 100,000 fps). When the voltage was increased
above a certain level, the size of the liquid droplet was
assumed to be ≤ 10 μm based on the high-speed camera
resolution. The video demonstrating the electrospray patterns, is provided on J-STAGE Data website.

2.3 Particleization of PLGA using electrospray
When the droplets of the PLGA solution were generated via the electrospray, the solvent in the droplets was
vaporized. This increased the PLGA concentration during
the flight of the droplets from the nozzle tip to the surface
of the PVA aqueous solution. The solidification to form the
PLGA particles was related to this condensation process. To
investigate the effect of condensation on the electrosprayed
liquid droplets and particleization, the following experimental conditions were observed, as listed in Table 2: (i)
electrospray electric voltage (Run 1, 2, 3, 4, 5); (ii) PLGA
concentration (Run 4, 6, 7, 8, 9, 10); (iii) distance between
the nozzle tip and surface of the PVA aqueous solution
(Run 4, 11, 12); (iv) molecular weight of PLGA (Run 4, 13,
14). In each experiment, Run 4 was considered the standard
condition, because the PLGA particles formed in Run 4
reflected the original characteristics of the electrospray.
Other experimental conditions, such as the flow rate of the
PLGA solution, aqueous PVA solution (concentration and
volume), and stirring conditions, were fixed.

3. Experimental results and discussion
3.1 Effect of electric voltage of the electrospray on
the formation of PLGA particles
In the conventional ESD method, the PLGA solution
with the acetone/ethanol mixed solvent (volume ratio of
2:1) is mixed with water, containing PVA as a stabilizer.
The ESD method uses the difference in solubility of PLGA
in the acetone/ethanol mixture and water. PLGA is highly
soluble in the acetone/ethanol mixture. In contrast, PLGA
is hardly soluble in water. Therefore, precipitation of
PLGA occurs when the two solutions are mixed, which
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results in the formation of nanospheres. In this study,
electrospray was used to mix these two solutions; however,
evaporation of the solvent from the electrosprayed droplets
was found to play an important role in particleization, as
discussed below.
As shown in Fig. 1, the PLGA solution with the acetone/ethanol mixed solvent was electrosprayed, and the
resulting liquid droplets traveled to the surface of the PVA
aqueous solution through the electric field. PLGA particles
were formed in the aqueous PVA solution owing to the
mixing of the two solutions. The microscopic structures
of the resulting particles were observed through SEM.
As shown in Fig. 4, the PLGA particle formation process
was classified into three groups, depending on the electric
voltage of the electrospray.
Group I at low electric voltages, 0 to +2.0 kV: PLGA
nanospheres similar to the nanospheres formed in the
conventional ESD method were observed (Figs. 4(a), (b)).
Group II at intermediate electric voltages, +2.5 kV to
+3.5 kV: Microparticles composed of PLGA nanospheres
were observed (Figs. 4(c), (d)).
Group III at high electric voltages, +5.0 kV to +7.0 kV:
Microspheres with porous structures were observed
(Figs. 4(e), (f)).
The effect of the supplied electric voltage on the structure of the PLGA particles is schematically depicted in
Fig. 5.
In Group I, electrospraying was performed at low
electric voltages. Relatively large droplets of the PLGA
solution were fed into the PVA aqueous solution. The droplets were diffused into the PVA aqueous solution, which
resulted in the formation of the PLGA nanospheres owing
to the decrease in solubility of PLGA through interaction
with water. This mechanism is the same as that of the conventional ESD method, reported previously (Kawashima
et al., 1998).
In Group II, electrospraying was performed at electric
voltages of +2.5 kV to +3.5 kV, and electrospray-generated
fine droplets were formed. The solvent molecules of acetone and ethanol were evaporated out of the liquid droplets
of the PLGA solution during the flight of the droplets from
the nozzle to the surface of the PVA aqueous solution.
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Fig. 4

Scanning electron micrographs of the PLGA particles (granules) prepared by changing the electric voltage for the electrospray.

Fig. 5

Schematic illustration of the formation process of PLGA particle by the conventional ESD method and the electrospray method.

Owing to the evaporation of the solvent molecules, the
PLGA concentration increased, which solidified the PLGA
partially in the droplets and especially on the surface of the

liquid droplets. The diffusion of PLGA into the aqueous
solution became difficult owing to the solidification on the
surface of the liquid droplets; microparticles composed of
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nanospheres were formed. When the droplets landed on the
surface of the aqueous solution, the interaction of PLGA
with water was limited to the partially solidified liquid
droplets. This led to the formation of microspheres through
the aggregation of PLGA nanospheres. In Fig. 4(c), the
SEM image, which was magnified 30,000 times, shows
a microsphere formed through the aggregation of PLGA
nanospheres. The specific surface area of the microspheres
was measured using the gas adsorption method, and found
to be larger than that of the microspheres in Group III,
as listed in Table 3. The microspheres in Group II had
nanocomposite structures. The size of the microparticles
formed in Group II was in the range of 2–10 μm. This
size of the microparticles was in good agreement with that
of the electrosprayed liquid droplets, suggesting that one
microparticle was formed per liquid droplet.
In Group III, owing to high electric voltages (+5.0 kV
to +7.0 kV), much smaller liquid droplets were generated.
During the flight of the droplets, the solvent molecules of
acetone and ethanol evaporated, leading to the precipitation
of PLGA, and microspheres with a porous structure were
formed. In Fig. 4(e), the SEM image, which was magnified
100,000 times, shows such a microsphere with a porous
structure. The size of the microspheres in Group III was
smaller than that in Group II. This was in agreement with
the decrease in the size of the liquid droplets at higher
electric voltages. This also supports the hypothesis that one
microsphere of PLGA was formed per liquid droplet.
In the conventional ESD method, the number of microspheres formed was negligible. In contrast, by using
Table 3 Specific surface area of PLGA particles.

Run

2

4

8

Voltage (kV)

+2.5

+5.0

+5.0

33

33

17

107

80

162

PLGA concentration (mg/ml)
Specific surface area

Fig. 6

256

(m 2/g)

electrospray, microspheres were formed when the solvent
molecules were evaporated out of the electrosprayed liquid
droplets.

3.2 Effect of PLGA concentration on the
formation of PLGA particles
As shown in Figs. 4 and 5, the formation of PLGA
microspheres was promoted by the solidification of the
electrosprayed liquid droplets through the evaporation of
the solvent molecules. To verify the mechanism in Fig. 5,
the effect of the PLGA concentration on the formation
of PLGA particles was examined. The concentrations of
PLGA in the acetone/ethanol mixture (volume ratio: 2:1)
were 3, 7, 17, 33, 67, and 133 mg/ml. The concentration
used in the experiments on the effect of the electric voltage
(Fig. 4) was 33 mg/ml. The SEM images of the resulting
PLGA particles are shown in Fig. 6.
It was observed that the particle structures were dependent on the PLGA concentration; they were classified into
three categories. At lower concentrations (3 and 7 mg/ml),
microspheres were not formed. Instead, film-like structures
were formed. At suitable concentrations of 17, 33, and
67 mg/ml, porous microspheres were generated. At higher
concentrations, such as 133 mg/ml, microspheres were
formed, but they did not have porous structures. They were
dense and partially dimpled.
The observed effect of concentration is schematically
illustrated in Fig. 7. At lower concentrations (Fig. 7(a)),
during the flight of the electrosprayed liquid droplets,
the solvent molecules were evaporated out of the liquid
droplets; however, the concentration of PLGA, required
for solidification, was insufficient to form the outer shell
structure. Owing to the hydrophobicity of the PLGA solution, the electrosprayed fine droplets were eager to stay on
the surface of the aqueous PVA solution (Fig. 1). Thus,
the nanospheres resulting from the interaction of PLGA in

Scanning electron micrographs of the PLGA particles (granules) prepared at various PLGA concentration.
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the droplets with water on the surface of the PVA aqueous
solution were present on the surface of the PVA aqueous
solution. The resulting nanospheres aggregated on the
surface of the PVA aqueous solution to form a thin film
structure. Note that the acetone/ethanol solvent was also
present around the surface of the aqueous PVA solution.
This acetone/ethanol mixture may have contributed to the
formation of the PLGA thin-film structure. It was assumed
that the aggregating PLGA nanospheres were transformed
into thin-film structures through the partial dissolution of
the acetone/ethanol mixture.
At suitable concentrations, porous microspheres were
formed; moreover, the porosity and size of the microspheres decreased and increased, respectively, with increasing PLGA concentration (Figs. 6(c), (d), (e)). This
was in agreement with the measurements of the specific
surface area, which is listed in Table 3. When the PLGA
concentration in the solution was increased from 17 to
33 mg/ml, the specific surface area decreased from 162
to 80 m2/g. This indicates a decrease in porosity with an

Fig. 7

increase in the PLGA concentration. Furthermore, the
size of the microspheres increased with increasing PLGA
concentration in this concentration range. This is related to
the increase in size of the liquid droplets with the increase
in the concentration. Because the viscosity of the PLGA
solution increased with increasing PLGA concentration
(Table 4), the size of the electrosprayed liquid droplets also
increased.
At higher concentrations, such as 133 mg/ml, porous
structures were difficult to generate. Moreover, numerous
PLGA molecules in the droplets formed denser structures.
We observed that porous structures were generated for a
specific range of PLGA concentrations. This also supports
the hypothesis that one microsphere was formed per liquid
droplet. Various studies on particle formation in emulsion
droplets in a liquid have been conducted (Mersmann, 1998;
Kawashima et al., 2002; Yoshizawa, 2004). However, the
particle formation mechanism in the proposed electrospray method is better equipped to create various particle
structures than the particle formation mechanisms reported

Schematic illustration of the formation process of PLGA particle by changing PLGA concentration.

Table 4 Relation of the PLGA concentration to the viscosity of PLGA solution.

PLGA concentration (mg/ml)

0

3

7

17

33

67

133

PLGA concentration ratio to standard concentration of 33 mg/ml

–

× 1/10

× 1/5

× 1/2

×1

×2

×4

Viscosity of PLGA solution (cP)

0.44

0.46

0.46

0.51

0.65

1.05

2.61
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Fig. 8 Scanning electron micrographs of the PLGA particles (granules) prepared by changing the spray distance between nozzle tip and water
surface.

Fig. 9

Scanning electron micrographs of the PLGA particles (granules) prepared by various polymers with different molecular weight.

previously. This is because the solvent diffuses from the
emulsion droplets in the liquid and evaporates from the
surface of the droplet in the air.

3.3 Effect of flight distance of the electrosprayed
droplets on the formation of PLGA particles
Fig. 8 shows the results of particle formation by changing the distance between the nozzle tip and surface of the
PVA aqueous solution. When the distance was increased,
the droplet size also increased owing to the decrease in the
electric field. The SEM images (Fig. 8) show that larger
particles with porous structures were produced as the distance increased. Although the size of the droplet increased,
solidification in the air occurred during long-distance
flights.

3.4 Effect of PLGA molecular weight on the
formation of PLGA particles
PLGA with a molecular weight of 20,000 Da was
used. The size of the PLGA particles, resulting from the
electrospray method, depended on the molecular weight
of PLGA. Fig. 9 shows the observed SEM images of the
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Table 5 Relation of the PLGA average molecular weight to the viscosity
of PLGA solution.

Type of PLGA

A

B

C

Average molecular weight (Da)

5,000

20,000

50,000

Viscosity (cP)

0.55

0.65

0.71

PLGA particles, generated from the PLGAs with molecular
weights of 5,000, 20,000, and 50,000. Porous structures
were observed for these three molecular weights, and the
average diameter increased with an increase in the molecular weight. Because the viscosity and solubility also change
with the molecular weight, the effect of the molecular
weight was studied more systematically.

4. Conclusions and future prospects
(1) We found that PLGA microparticles were formed
in the liquid droplets using the proposed electrospray
technique. Porous PLGA microparticles and microparticles
composing PLGA nanospheres, which cannot be produced
by the conventional ESD method, were generated. The formation mechanism of these PLGA particles was classified
into three categories depending on the extent of solvent
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evaporation from the droplets. (i) The evaporation of the
droplets was completed in the air, leading to the formation
of microspheres with a porous structure. (ii) Owing to
the evaporation of the solvent from relatively large
droplets, solidification began on the surface of the droplets,
leading to the formation of microparticles composed of
nanospheres. (iii) The evaporation was insufficient for
solidification in large droplets, leading to the formation
of nanospheres similar to those in the conventional ESD
method.
(2) If these microparticles can be loaded with drugs, they
can be used for solid pharmaceutical preparations. The possibility of application in DPI and subcutaneous injection
formulations will be the subject of future studies.
(3) Currently, we are also investigating the following
subjects: (i) the mass production procedure of PLGA
microparticles using electrospray; (ii) the size-distribution
control of PLGA nanospheres using electrospray in a liquid
medium instead of air. We will report these results in the
future.
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Abstract
Nanoparticle synthesis using flow chemistry has the potential to enhance the large-scale accessibility of precisionengineered nanomaterials at lower prices. This goal has been difficult to achieve primarily due to reactor fouling
and the lack of efficient reagent mixing encountered, especially in those scaled-up systems. The present study
aimed to overcome the two challenges by integrating a liquid-liquid biphasic segmented flow system with static
mixing. This strategy was applied to the synthesis of gold nanoparticles (AuNPs) using citrate reduction chemistry.
It was demonstrated that reactor fouling was eliminated by implementing the biphasic flow strategy. As a result,
the overall mean particle size of the as-synthesized AuNPs was measured to be 15.5 nm with a polydispersity
index (PDI) of 0.07, and with the reproducibility of ± 6.4 %. The biphasic flow system achieved a reaction yield of
88.7 ± 1.1 % reliably with a throughput of 60 mL/hour up to 8 hours.
Keywords: gold nanoparticles, continuous nanoparticle synthesis, flow chemistry, liquid-liquid biphasic flow,
segmented flow

1. Introduction
Nanoparticle synthesis using flow chemistry has attracted significant attention in the last decade because of
its potential for automated, low-cost production of highprecision nanomaterials with minimal downtime
(Nightingale et al., 2014; Stitt, 2002). The majority of
the research in flow synthesis involved the study of
single-phase flow in microfluidic systems, in which miscible fluids are continuously introduced into chip-based
microfluidic cells under specific flow conditions (Wagner
et al., 2008). However, reactor fouling (Schoenitz et al.,
2015; Wagner et al., 2004), inefficient mixing (Song et
al., 2003b), relatively broad residence time distribution
(Trachsel et al., 2005), and relatively low throughput are
some of the major challenges encountered in bench-top
single-phase microfluidic reactors. They present a great
barrier to the precision control over the properties of the
synthesized nanoparticles, especially when the system
is scaled up. These challenges must be overcome before
technology transfer to the industry can occur.
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For these reasons, the present work aims to develop
a chemical flow reactor that allows the continuous synthesis of high-precision metal nanoparticles with higher
throughput. Ultimately, the goal is to generate a knowledge
base that would be valuable to flow synthesis of precision
nanoparticles on a broader scale.

2. Methods
2.1 Chemistry of gold nanoparticle synthesis
The chemical reaction known as the Turkevich method
(Turkevich et al., 1951) was used to synthesize AuNPs.
For the conventional batch reaction, a specific volume of 1.0 wt% (34.0 mM) trisodium citrate dihydrate
(Na3C6H5O7 · 2H2O, or NaCt, Sigma-Aldrich) solution
was injected into the solution of 0.25 mM gold chloride
(HAuCl4, Sigma-Aldrich) at 100 °C under ambient pressure and with vigorous agitation. The molar ratio of NaCt
to HAuCl4 is the primary factor that determines the final
size and size distribution of the AuNPs (Dong et al., 2020;
Frens, 1973). The effects of other parameters were studied with more details in the literature (Polte et al., 2010;
Wuithschick et al., 2015).

Copyright © 2022 The Authors. Published by Hosokawa Powder Technology Foundation. This is an open access
article under the CC BY license (https://creativecommons.org/licenses/by/4.0/).
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Fig. 1
used.

The layout of the flow reactor system. Note: the diagram is not drawn to scale. The cross junction does not represent the actual fluid junctions

2.2 Flow reactor design and setup
The layout of the flow system is illustrated in Fig. 1. The
reagents were freshly prepared and stored in individual media bottles (FisherbrandTM Sterile PETG). The continuous
synthesis was initiated by introducing the reagents into the
tubular reactor using independent piston pumps (Syrris,
FRX) with a precisely controlled volumetric flow rate
(± 0.01 mL/min). The reagents were joined, mixed, and
heated as they flow through the reactor in which the particle
synthesis occurred. The reactor temperature was controlled
using an oil bath on a hotplate (Syrris, FRX). The pressure
inside the reactor was controlled using a needle valve
(IDEX, PEEK P-447) as a back-pressure regulator at the
outlet of the reactor. The absorption spectrum of the assynthesized particles was recorded inline when the sample
passes through a quartz flow cell (FireflySci, Inc.) in the
light chamber of a UV-visible spectrophotometer (Ocean
Optics, USB2000+ UV-VIS). Finally, the nanoparticles
were collected in centrifuge tubes for further analysis.
The flow reactor integrated an aluminum framework
and polymer tubing in a temperature-controlled oil bath,
as illustrated in Fig. 2. The framework was made of
6061 aluminum (McMaster-Carr, sheet aluminum 6.35 mm
thick 30 cm × 13 cm; threaded rod 6.35 mm diameter,
20 cm length; matching hex nuts and washer 6.35 mm
screw size). Aluminum was selected because of its
temperature tolerance (≤ 150 °C) for long-time service,
high corrosion resistance, nonmagnetic nature, and
good machinability. Perfluoroalkoxy tubing (PFA, ColeParmer, 3.18 mm OD, 1.59 mm ID) was selected due to its
chemical compatibility, temperature tolerance (≤ 260 °C),
pressure rating (≤ 40.8 bar), and better optical transparency
as compared to TeflonTM, polytetrafluoroethylene (PTFE).

2.3 Single-phase continuous flow system
In a typical single-phase flow AuNP synthesis experiment, NaCt (1.7 mM) and HAuCl4 (0.54 mM) solutions

Fig. 2

Schematic of the flow reactor (framework and tubing).

were continuously introduced into the flow reactor in parallel. The solutions were merged using a Y-junction (IDEX,
PEEK P-514), as shown in Fig. 3. The mixture was heated
to 100 °C as it flowed through the reactor. The volumetric
flow rate of each solution (1 mL/min) was kept constant so
that the residence time (8.7 min) ensured that particle synthesis was complete before the sample exited the reactor.
The pressure inside the reactor was maintained at 3 bar to
minimize bubble formation that would impact the concentration and disrupt the steady-state flow condition. The
AuNP suspension was sampled with a 30-min time interval
for particle size characterization. Each experiment was
continued for 4 hours, and each experiment was repeated
three times on different dates.

2.4 Biphasic segmented flow system
The liquid-liquid biphasic segmented flow system, as
shown in Fig. 4, involved the parallel introduction of two
immiscible liquids. The liquid that preferentially wets the
surface of the channel is the continuous phase; the other
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Fig. 3 Schematic of the Y-junction and flow field in single-phasic flow experiment. System: volumetric flow rate ratio of NaCt to HAuCl4 = 1:1; total
flow rate = 2.00 ± 0.02 mL/min, reaction temperature = 100 ± 1 °C, pressure = 3 ± 1 bar, molar ratio of NaCt to HAuCl4 = 3.2, Reynolds number ≈ 90.

completed in the mini-reactor in approximately 5 seconds
due to the presence of recirculating flow field (Baroud et
al., 2010; Bringer et al., 2004; Tice et al., 2003). The detail
of the mixing time calculation is provided in the Supplementary Material Section 1. The collected mixture of oil
and aqueous AuNP suspension was centrifuged (Eppendorf
5810R, 2000 RCF for 20 min) to expedite the phase separation between oil and water.

2.5 Particle characterization
Fig. 4 Experimental setup showing the generation of biphasic segmented flow. The yellow and blue dye represent HAuCl4 and NaCt
solutions, respectively. System: volumetric flow rate ratio of NaCt to
HAuCl4 to silicone oil = 1:1:2; total flow rate = 2.00 ± 0.04 mL/min,
reaction temperature = 100 ± 1 °C, pressure = 3 ± 1 bar, molar ratio of
NaCt to HAuCl4 = 3.2, Capillary number ≈ 0.021, Reynolds number ≈ 45
in the laminar flow region.

The mean particle size and size distribution of the collected AuNP samples were characterized using dynamic
light scattering (DLS, Malvern Zetasizer Ultra). All measurements were taken at room temperature (22 °C).

3. Results and discussion
liquid carried by the continuous phase is the dispersed
phase. Segmented flow, also referred to as slug flow in the
literature (Baroud et al., 2010; Nightingale and Demello,
2013), is different from droplet flow in which the dispersed
droplets exhibit an average size smaller than the channel’s
inner diameter.
In the biphasic flow experiments, silicone oil (Fisher
ChemicalTM, viscosity = 45–55 mm2/s) was selected because of its low surface tension (21.3 ± 0.3 mN/m at
ambient temperature (Svitova et al., 2002)), temperature
stability (decomposition temperature > 250 °C), and it
is chemically inert. As illustrated in Fig. 4, silicone oil
was introduced from both sides of the cross-junction
(IDEX, ETFE P-723). Droplets of aqueous reactants were
generated when the aqueous solution was merged with
silicone oil. Each aqueous droplet became an individual
mini-reactor that was carried by silicone oil. Despite the
relatively slow diffusion-limited mixing in the laminar flow
region (Re ≈ 45), ninety percent of reagent mixing could be
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3.1 Single-phase flow AuNP synthesis
In general, the AuNP samples synthesized in the singlephase flow experiments did not agree with the reference
values of particle size and size distribution (18.1 ± 3.5 nm
by intensity distribution (Dong et al., 2020)) based on the
DLS measurements as given in Fig. 5 (UV-vis spectrum
analysis and DLS data of individual trials are provided in
Supplementary Material Section 2.). The AuNP samples
generally exhibited a larger mean particle size (26.9 nm)
than the reference value as a consequence of fouling.
Besides, the AuNP size increased and became more
polydispersed after 90 min. The detection of sub-10 nm
nanoparticles suggested the presence of secondary nucleation in the bulk phase. It is possibly caused by a local
decrease in the molar ratio of NaCt to HAuCl4 in the bulk
phase (Dong et al., 2020), which is due to the imbalanced
consumption and competition of reactants from fouling.
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3.1.1 Reactor fouling
The increase in the mean particle size and broadening of
the size distribution could be attributed to reactor fouling
which is an uncontrolled material deposition or growth
process on the reactor surface, as shown in Fig. 6. Reactor fouling was identified by the change in color and the
decrease in optical transparency of the PFA tubing as the
experiment progressed. A clean PFA tubing has a translucent and greyish appearance, as illustrated in Fig. 6(a). A
black haze could be observed on the tubing 30 min after
the experiment began. The transparency of the surface decreased over time. Eventually, the interior surface became
covered in purple, red, or gold materials, as highlighted in
Fig. 6(b). The observation agreed with Huang et al. (2018),
who investigated the deposited materials using X-ray photoelectron spectroscopy and infrared spectroscopy. Their
results suggested that the deposited material consisted of

metallic gold, unreacted gold, and citrate-gold complex.
The fouling was observed only at the bottom section of
the reactor. It was noticed that the residence time of the
fouling section matched with the extent of the chemical
reaction (approx. 2.5 min at 100 °C). Based on this observation, it was hypothesized that fouling was caused by
heterogeneous nucleation on the reactor surface during the
synthesis reaction of AuNPs.
The following experiments were conducted to investigate the proposed hypothesis. First, the flow rate was doubled while keeping other parameters constant. The result
showed that the length of the section that exhibited fouling
was doubled. In the second experiment, the flow direction
in the reactor was changed by switching the inlet and the
outlet of the reactor. As expected, the section that exhibited
fouling was relocated near the new inlet (upper section)
with the same length. In the third experiment, 500 mL of
colloidal AuNPs (15 nm in diameter) were synthesized in a
batch reactor. The AuNP suspension was then circulated in
the flow reactor at the same temperature (100 °C), pressure
(3 bar), and flow rate (2 mL/min) for 12 hours. The absorption spectrum of the suspension was continuously monitored; it showed minimal change during the experiment,
and no fouling was observed. The colloidal concentration
of AuNPs was estimated using the Beer-Lambert law in
Fig. 7, which suggested less than 2 % loss of nanoparticles
due to adsorption on the reactor surface. The results indicated that once the AuNP synthesis reaction was complete,
the citrate stabilized AuNPs would not cause fouling.

3.1.2 Strategies to mitigate fouling
Fig. 5 The DLS measurements of the AuNP samples showed varying particle size and size distribution as a function of time in the
single-phase flow experiments. Note: each sample was a pool of collection over 30 min intervals, e.g., Sample 210 was collected from 210 min
to 240 min. The measured values represented the particle size and size
distribution of the major peak of each sample.

Fig. 6 (a) The clean reactor before the experiment. (b) Reactor fouling
was observed at the bottom section of the reactor in the single-phase
flow experiments. Note: the fouling can be cleaned by flushing aqua
regia, followed by deionized water through the reactor after it is cooled
to room temperature.

Various strategies were reported in the literature to mitigate reactor fouling (Schoenitz et al., 2015), for instance,
increasing the flow rate, i.e., shear force at the solidliquid interface (Wagner and Köhler, 2005; Yang et al.,
2007); increasing the electrostatic repulsion between the
surface and the depositing materials by tuning pH (Wagner
and Köhler, 2005); modifying the wettability of the reactor
surface (Wagner and Köhler, 2005); and implementing
coaxial fluid injection (Baber et al., 2015). A few of these

Fig. 7 The colloidal concentration of the fully synthesized and stabilized AuNPs exhibited minimal change while circulating in the flow
reactor for 12 hours. System: temperature (100 ˚C), flow rate (2 mL/
min), pressure (3 bar), initial concentration (45.1 ppm).
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strategies were investigated, including the test of different
reactor materials (glass vs. TeflonTM), different surface
roughness, and increasing the flow rate up to 5 mL/min.
However, these methods were found to be ineffective in the
present study. An alternative strategy (Shestopalov et al.,
2004) involving the biphasic flow system was investigated
to overcome fouling.

was 15.5 ± 4.1 nm (from the intensity distribution of DLS
measurements), which agreed with the reference value
(18.1 ± 3.5 nm (Dong et al., 2020), p ≈ 0.26). The particle
size distribution, represented by the error bar in Fig. 9, also
showed a significant improvement in the precision of the
nanoparticles (tabular data is provided in the Supplementary Material Section 2 and on J-STAGE Data website).

3.2 Biphasic flow AuNP synthesis

3.2.2 Reaction yield

When silicone oil was introduced in the flow system,
it was noticed that fouling was no longer visible during
the AuNP synthesis, as shown in Fig. 8. The reason was
suspected to be the elimination of direct physical contact
between the aqueous phase and the reactor surface due to
the presence of the oil phase (Shestopalov et al., 2004).

3.2.1 Particle size and size distribution
The AuNP synthesis in the biphasic segmented flow
system resulted in much better reproducibility than the
single-phase flow system, as demonstrated in Fig. 9. The
overall mean particle size from the biphasic experiments

The reaction yield was calculated from the experimental
and the theoretical colloidal concentration. The experimental concentration of the AuNP samples was estimated based
on the Beer-Lambert law and the calibration curve using
UV-vis absorption spectrum and ICP-MS data (Dong et al.,
2020). The theoretical concentration was calculated with
the assumption of 100 % conversion from the reactant to
the product in the AuNP synthesis reaction.
In the biphasic flow experiments, the colloidal concentration of AuNPs resulted in a constant value of
46.5 ± 0.5 ppm, which was approximately 88 % of the
theoretical value compared to a maximum of 83 % in
the single-phase experiments, as shown in Fig. 10. The
decrease in the yield in the single-phase reaction systems
can be attributed to reactor fouling that alters the physical
and chemical nature of the surface (PFA) so that hetero
geneously nucleation on the reactor surface becomes more
favorable.

3.2.3 Reliability of the biphasic flow system

Fig. 8 Reactor fouling was not observed within (a) 2.5 hours or (b) 8
hours in the biphasic flow experiments (aqueous reactants dispersed in
silicone oil).

Fig. 9 The DLS measurements of the mean particle size of the AuNPs
synthesized in biphasic flow experiments was reproducible and consistent with the reference value (18.1 ± 3.5 nm). The particle size distribution is presented for each trial by showing the highest standard deviation
of the data points of that trial. The raw DLS data is available publicly at
https://doi.org/10.50931/data.kona.15022002
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A biphasic flow experiment was continuously run
for over 8 hours without reactor fouling, as shown in
Fig. 8(b). The DLS data plotted in Fig. 11 shows that the
mean particle size of the AuNP samples was maintained
at 16.9 ± 3.7 nm, which was consistent with the reference
value (18.1 ± 3.5 nm (Dong et al., 2020), p ≈ 0.59) and the
previous biphasic experiment results (15.5 ± 4.1 nm). The

Fig. 10 The colloidal concentration of the AuNP samples from the
biphasic flow experiments was maintained constantly and reproducibly
at 46.5 ± 0.5 ppm, which was approx. 88 % of the theoretical value.
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Table 1 Comparison of polydispersity index (PDI) of the AuNP
samples synthesized using the biphasic flow system under specific
conditions.

Fig. 11 The DLS measurements of particle size and size distribution
of the AuNP samples collected in an uninterrupted biphasic flow experiment. System: molar ratio of citrate to gold (3.2), temperature (100 ˚C),
pressure (3 bar), flow rate (2 mL/min), volumetric flow rate ratio of oil
to water (1:1), residence time (8.7 min).

colloidal concentration was also maintained at the same
value, 46.4 ± 0.7 ppm, equivalent to a percentage yield of
87.5 ± 1.3 %.

3.2.4 Precision (size distribution) of AuNP
The precision of nanoparticles, i.e., size distribution, was
quantified using the polydispersity index (PDI) (ISO13321,
1996; Malvern, 2011). PDI can be calculated using Eq. (1)
(NanoComposix, 2015). The average PDI of the samples
synthesized in biphasic flow experiments (0.12 ± 0.02)
was lower by nearly one order of magnitude than the single-phase flow experiments (1.02 ± 0.43).
 Standard deviation 
PDI  

 Mean particle size 

2

(1)

The improvement of particle size precision in the biphasic flow system can be attributed to the enhanced reagents
(1) efficiency due to the recirculating flow field inside
mixing
each aqueous segment (Song et al., 2003a). The time
required to complete the reagent mixing in each droplet
depends on the channel size, the droplet size, and the traveled distance. The average mixing time was estimated to be
approximately 5 seconds. Detailed calculation is provided
in the Supplementary Material Section 1.
The mixing by diffusion generally becomes less efficient as the reactor channel size increases (Stitt, 2002).
To overcome this challenge, an inline static mixer was
implemented. Based on the concept of packed bed column
reactors, a packed bed static mixer (PBSM) was fabricated
by filling yttria-stabilized zirconia beads (80 µm in diameter) in the PFA tubing. The PBSM was installed ahead of
the fluid junction that introduced silicone oil, as illustrated
in the graphic abstract. Statistical analysis indicated that
the PDI of the AuNP samples was reduced by an additional

PDI

SD

Reference value, batch method

0.065

0.009

Without static mixing, Fresh oil

0.119

0.021

With static mixing, Fresh oil

0.068

0.008

With static mixing, Recycled oil

0.079

0.018

40 % with the implementation of the PBSM (p ≈ 2E-9), as
shown in Table 1.
For the purposes of developing a greener and more
sustainable process, preliminary experiments using recycled silicone oil were conducted. The used silicone oil
was separated from the aqueous phase using a separation
funnel, then cleaned by centrifugation and vacuum filtration, and reused in the subsequent experiments. Using the
recycled silicone oil resulted in a 16 % increase in PDI (p
≈ 4E-3) while the mean particle size remained unaffected
(p ≈ 0.37). It was noticed that the samples generated from
the experiments using the recycled oil had a higher degree
of oil contamination possibly due to thermal degradation of
the silicone oil.

4. Conclusions
In the present study, gold nanoparticles (AuNPs) were
continuously synthesized in a flow reactor using citrate
reduction chemistry. Reactor fouling was a major problem in the single-phase experiments, which affected the
consistency, reproducibility, and precision control of the
AuNP size, size distribution, and reaction yield. The main
reason for fouling was ascribed to the occurrence of the
heterogeneous nucleation reaction in the vicinity of the
reactor surface, leading to growth and accumulation of
materials there. The fouling problem was solved by introducing a water-immiscible silicone oil to the system that
preferentially wetted the reactor surface. Compared with
the single-phase flow system, the AuNPs produced in the
biphasic flow experiments exhibited significantly narrower
size distribution (PDI: 0.07 ± 0.01), higher and more consistent yield (approx. 88 %), and reproducibility of ± 6.4 %
to the mean particle size.
Future research is suggested for inline particle functionalization using secondary reactors and further scale-up of
the present reactor system. It could be achieved by increasing the overall flow rate, increasing the chemical concentration, and utilizing parallel channels. One of the major
challenges encountered in the scaled-up flow system was
inefficient reagent mixing. For precision AuNP synthesis, it
was critical to ensure that the mixing was completed before
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the reaction began. Other challenges could be maintaining
the flow stability at a higher flow velocity, maintaining the
stability of AuNPs, and homogenizing the heat and mass
transfer and pressure across parallel channels. Overall,
the knowledge base developed in the present study should
enable designing scalable systems for commercially viable
larger-scale production of precisely engineered nanomaterials.
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Correction to: KONA Powder and Particle Journal No. 37 (2020) 42–63, https://doi.org/10.14356/kona.2020003,
published on 10 January 2020.

On page 45 the sentence after Eq. (2) should be: The
maximum measurable velocity can be increased by increasing the measurement angle α between the DOCT
beam and the velocity vector.
On page 45 Fig. 3c should be:

On page 46 the paragraph related to Eq. (3) should be:
Fig. 3b shows as an example a measurement setup of pipe
flow. From Fig. 3c, we get the real axial velocity in the
pipe to be
U

vnf
sin β

(3)

where β is the DOCT measurement angle (the angle between the camera axis and pipe surface normal), v is the
velocity given by the DOCT device, and nf is the refractive
index of the monitored medium. Similar reasoning also
works, e.g., for plate-plate and bob and cup rheometer
geometries.
The mistakes were found by the authors after the paper
was published online. The authors apologize for the inconvenience to readers and editors by this oversight. The
results and conclusions of this paper were not affected by
the errors.
Fig. 3 c) A closer look at the measurement optics. Here U is the real velocity, v is the component of velocity in the direction of the measurement
beam, and nf is the refractive index of the medium. Angle α is obtained
by calculating first angle δ by applying the Snell’s law of refraction to
the two interfaces.
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Book Review
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The book can be downloaded for free:
https://osf.io/487wv/download

Global production of fibrous material is significantly growing with expectation of reaching 145 million metric tons
in 2030. Production includes mostly synthetic polymers fibers, cotton fibers and man-made cellulosic (viscose) fibers.
A smaller contribution comes from animal-made fibers (wool, silk). The main uses of fibrous material are in clothing,
household and furnishing, industrial construction, automotive and other.
Increasing consumption of fabric material causes the accumulation of single fibers into the natural environment.
Significant numbers of fibers are discharged into wastewater from washing clothes, deposition from atmosphere or
by other ways of transport. Fibers are now the most prevalent type of anthropogenic particles found by microplastic
pollution surveys around the world. Substantial concentration of fibers has been detected in surface water, deep-sea
and fresh water ecosystems. As a consequence, fibers are present in food, drinking water, human lungs and digestive
tracts of aquatic animals. Currently, there is great concern for the release of plastic nano-and micro fibers and microparticles (microplastics) to the natural environment for which nobody knows, so far, the ultimate consequences for
health and ecological homeostasis.
The potential risk introduced by the presence of fibers in the environment induces significant interests of researchers in this problem as becomes clear from an increasing number of publications related to microplastics. The aforementioned challenges were the source of inspiration for organization a workshop.
During November 4 and 5, 2019, a group of scientists from different parts in the world met at Wetsus, the European
Centre of Excellence for Sustainable Water Technology in Leeuwarden the Netherlands, to discuss all known aspects
of synthetic nano- and microfibers. This includes the morphology, physicochemical properties, production and origin
of nano/micro fibers entering the atmosphere, water and food chain; the potential consequences of inhalation and
ingestion for human health, and exposure and ingress via life cycle for aquatic biota; analytical and measurement
methods; techniques to clean air and water, and protection means against inhalation or other ways to enter the human
body. The group of top-experts from different disciplines, but all involved with small fibers, gathered to share their
view from scientific, technical and health perspective, presented their subject of expertise, contributed to the discussion and made their contribution into a chapter for the book: “Synthetic Nano- and Microfibers”.
The chapters in this book have been placed in a logic sequence, starting with the statement of the problem, properties of small fibers, fibrous particle identification, via environmental and health issues, and ending with possible
cleaning methods. It is very evident that still much is not known and that in each discipline more must be investigated.
For almost each sub-research program reliable on-line measuring techniques are indispensable. We assume that this
book presents the state of the art and will give directions on how to proceed to answer the many remaining questions.
It is indisputable that it is essential to work together with all involved subdisciplines.
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The 8th APT (Asian Particle Technology Symposium) 2021
Held in Osaka
The 8th APT (Asian Particle Technology Symposium) 2021
was held at Grand Front Osaka from Monday, October 11th to
Thursday, October 14th, 2021. This APT was launched mainly
by the Japanese Society of Powder Technology, Japan in order to
promote the development of the powder technology in Asia and
the exchange of researchers in this field. The first meeting was
held in December 2000 in Bangkok, the capital of Thailand. It has
been held about once every three years, but this is the first time it
is held in Japan. The Hosokawa Powder Technology Foundation
supported this symposium as part of its grant projects of the fiscal
year 2021.
In the opening remarks on the first day, Professor Satoru
Watano, Osaka Prefecture University, the chairperson of the
symposium, reported that the venue of this symposium had to be
changed just before holing it due to the sudden official decision to
use the reserved facility for the vaccination to control the COVID
pandemic. He explained about the situation which required to take
the style of hybrid conference using both face-to-face and online
communication. He announced that despite such strict conditions,
there were more than 300 presentations and more than 400 applications for participation from home and abroad. The symposium
began with the plenary lecture by Professor Makio Naito of Osaka
University. At the symposium, the lectures and research presentations were given for four days using five hall/rooms, until after 6
o’clock in the evening on the longest day, and there was also a live
question-and-answer session with active discussions.
At this symposium, the “Young KONA Award” was set for
young researchers under the age of 40 as part of the 30th anniversary specific projects of the Hosokawa Powder Technology Foundation. About 40 presentations applied for this award, which were
reviewed on the second day. From these applicants, six researchers
were selected as the awardees. The whole process concerning this
award was managed by the Organizing Committee of this symposium, from application reception to screening and awarding, under
the auspices of the Hosokawa Powder Technology Foundation.
Then, before the closing on the 14th, the final day, there was an
award ceremony in the main hall of the venue. President Yoshio
Hosokawa handed each award winner a letter of presentation and
a supplementary prize.
In the closing remarks, the Chairperson Professor Watano
reported that most of the research presentations were made as
scheduled and it was a great success. Although it was difficult for
researchers overseas to attend face-to-face meeting, they could
join the symposium virtually. It was then announced that the next
symposium would be held in Brisbane, Australia in three years,
and the next chairpersons sent online invitation messages.

The venue for the symposium, Grand Front Osaka.
The conference room was on the second basement
floor.

Lecture scene, opening remarks being given by
Chairperson Prof. Watano.

Young KONA Award presentation ceremony. President of Hosokawa Powder Technology Foundation,
Mr. Hosokawa (center left in the photo), Symposium
Chairperson, Prof. Watano (center right in the photo)
and six winners.
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The KONA Award 2020
The KONA Award 2020 was presented to Dr. Brij M. Moudgil, Distinguished Professor of Materials Science and Engineering at the University of Florida, USA. Overall goal of his research program has been to develop science and technology
platforms for the design and synthesis of nanostructured material with targeted performance and safety specifications. Specifically, controlling nano and atomic scale forces between particles, and synthesis of functionalized particles has formed
the foundation for targeted advances in minerals, advanced materials, biomedical, microelectronics, health & hygiene,
energy, agriculture, sensor, nanotoxicity and antimicrobial coating technologies.
He has served as Director of the Particle Engineering Research Center (PERC - formerly the National Science Foundation
Engineering Research Center for Particle Science & Technology) since its inception in 1994. He has also served as Associate Vice President for Interdisciplinary Research Programs at UF from 2004 to 2012, with the primary responsibilities
of promoting new interdisciplinary research teams, evaluating over 160 university centers and institutes, and serving as
a liaison with several U.S. funding agencies. He has been invited as an evaluator of individual and team funded research
proposals and interdisciplinary research centers, by funding agencies across the continents.
Dr. Moudgil has strongly supported and enthusiastically promoted particle technology related research and education opportunities, and challenges. He has invited world class research scholars to PERC from all over the globe and has mentored
several visiting young scientists and post-doctoral students including several of them from Japan. He feels truly privileged
to have had the opportunity to work with a talented group of students, research scientists & staff, visiting research scholars,
faculty colleagues, domestic and international collaborators, and industry researchers. He is proud of his team members
achievements – a number of whom continue to make pioneering research and leadership contributions in the private sector
and in the academic institutions alike. Over the years, he has forged strategic alliances for research and education between
UF-Particle Engineering Research Center and the other institutions that have common vision and complimentary expertise
in particulate systems including University of Leeds, UK; Kyoto University, Japan; University of Melbourne, Australia;
Delft University of Technology, The Netherlands; Indian Institute of Technology-Bombay, India, and CMRDI, Cairo, Egypt.
He has been invited as a plenary and keynote speaker at conferences and seminars in Japan, Europe, India, South Korea,
Egypt, South America and Australia. He has authored/co-authored 13 books and has been awarded 31 patents. He has
served as 2006 President of the Society for Mining, Metallurgy and Exploration, Inc. (SME). His contributions have been
recognized with several honors and awards including the NSF Presidential Young Investigator Award (NSF-PYI), APT
Distinguished Paper Award, Fellow of the National Academy of Inventors (NAI), Fellow of the American Association
for the Advancement of Science (AAAS), Fellow of the Indian National Academy of Engineering (INAE), Distinguished
Alumnus Award of the Indian Institute of Science, Bangalore (IISc), and Member of the National Academy of Engineering
(NAE), USA. Overall, Dr. Brij M. Moudgil has made pioneering contributions to particle and powder technology research
and education and is most deserving of the prestigious KONA award.

Selected research achievements for the KONA Award 2020: Interfacial engineering of particulate system for enhanced performance.
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General Information
History of the Journal
The KONA journal (currently called “KONA Powder and
Particle Journal”) was first published in 1983 by the Council of
Powder Technology, Japan (CPT), which had been established in
1969 by Hosokawa Micron Corporation as a nonprofit organization
to promote powder technology, in order to introduce excellent
Japanese papers to the world. From the issue of No.8, the CPT
changed its editorial policy to internationalize the KONA journal
and to incorporate papers by authors throughout the world. In
response to this change, three editorial blocks have been organized
in the world: Asian-Oceanian, American and European. The issues
from No.1 (1983) to No.12 (1994) of the KONA were published by
the CPT and the issues from No.13 (1995) by the Hosokawa Powder
Technology Foundation. The policy and system have not changed
even after the Hosokawa Foundation has taken over the publication
from the CPT. From the issue of No.27 (2009), publication of
translated papers has been terminated and only original papers
have been published.
Aims and Scope
KONA publishes review and original research papers in a broad
field of powder & particle science and technology, ranging from
fundamental principles to practical applications. The papers on critical reviews of existing knowledge in special areas are very welcome.
The submitted papers are published only when they are judged
by the Editor to contribute to the progress of powder science and
technology, and approved by any of the three Editorial Committees.
The paper submitted to the Editorial Secretariat should not have
been previously published.
Category of Papers
•	Invited articles
	
Review papers and feature articles invited by the KONA
Editorial Committees.
• Contributed papers
	Original review papers and some limited number of original
research papers of high quality submitted to the KONA
Editorial Committees, and refereed by the reviewers and editors.
Submission of Papers
It is now possible to submit your paper online via Editorial
Manager® for KONA Online Paper Submission and Peer Review
System. For all further information, please go to the journal’s
homepage on http://www.kona.or.jp/jp/journal/info.html.
Publication in KONA is free of charge.
Publication Schedule
KONA is published annually. The publication date is around
January 10th.
Subscription
KONA is distributed free of charge to senior researchers at
universities and laboratories as well as to institutions and libraries
in the field throughout the world. The publisher is always glad to
consider the addition of names of those, who want to obtain this
journal regularly, to the mailing list.
Instructions to Authors
(1) Language
All submissions should be written in good English. Authors may
choose either British or American English, provided that the chosen
style is used consistently. Authors from non-English-speaking countries
are encouraged to use a professional English editing service to
proofread their manuscript.

(2) Data Repository Information

In order to promote open data discoverability and use of research
outputs, this journal encourages authors to submit the data files
supporting your manuscript work, which can be deposited in the
journal’s J-STAGE Data site <https://jstagedata.jst.go.jp/kona> after
acceptance of the paper through the peer-review process.
These data may describe observations, experiments, modeling or
analyses and may take the form of databases, simulations, movies,
large figures or as otherwise appropriate.
If you have any questions or would like more information, please
contact the KONA Editorial Office (contact_zainq@hmc.hosokawa.com).

(3) Manuscript format
•	Electric files should be submitted to the Editorial Secretariat by
online. Authors’ short biography with less than 100 words per
person and color photographs of all the authors should be
attached to the final version.
•	The structure of manuscripts should follow the following order;
title, authors, affiliations, abstract, graphical abstract, keywords,
main text, (acknowledgement), (appendix), (nomenclature), references. The items with parentheses are not mandatory.
•	Full postal addresses must be given for all the authors. Indicate
the corresponding author by the asterisk mark“*” after the
name. Telephone and fax numbers and e-mail address should
be provided for the corresponding author.
•	Abstract should not exceed 200 words.
•	G raphical abstract should be a concise, visual summary of the
article which will be displayed in the contents list both online
and print.
•	The appropriate number of keywords is 5 or 6.
•	The maximum pages printed in KONA are supposed to be:
15 for an original paper and 25 for a review paper.
•	Symbols and units should be listed in alphabetical order with
their definition and dimensions in SI units.
•	The color figures will appear in color both on the KONA
Website (http://www.kona.or.jp) and also in the paper version.
•	
Concerning references, the alphabetical system should be
adopted. Please use reference management software such as
Endnote to manage references as far as possible.
List: References should be arranged first alphabetically and
then further sorted chronologically if necessary. More than one
reference from the same author(s) in the same year must be
identified by the letters “a”, “b”, “c”, etc., placed after the year
of publication.
Examples:
- Reference to a book:
trunk Jr. W., White E.B., The Elements of Style, fourth ed.,
S
Longman, New York, 2000.

- Reference to a chapter in an edited book:
 ettam G.R., Adams L.B., How to prepare an electronic version of
M
your article, in: Jones B.S., Smith R.Z. (Eds.), Introduction to the
Electronic Age, E-Publishing Inc., New York, 2009, pp.281–304.

- Reference to a journal publication:
 suji Y., Tanaka T., Ishida T., Lagrangian numerical simulation of
T
plug flow of cohesionless particles in a horizontal pipe, Powder
Technology, 71 (1992) 239–250. DOI: 10.1016/0032-5910(92)88030-L

Text: All citations in the text should refer to:
1. 
Single author: the author’s name (without initials, unless
there is ambiguity) and the year of publication;
2. Two authors: both authors’ names and the year of publication;
3. Three or more authors: first author’s name followed by “et
al.” and the year of publication.
Citations may be made directly (or parenthetically). Groups of
references should be listed first alphabetically, then chron
ologically.
Examples:

“ as demonstrated (Hidaka J. et al., 1995; Tsuji Y., 1992a,
1992b, 1993). Mori Y. and Fukumoto Y. (2002) have
recently shown ....”

(4) Copyright and permission
•	The original paper to be submitted to KONA has not been
published before in any language or in any journals or media; it
is not submitted and not under consideration for publication in
whole or in part elsewhere.
•	
Authors are responsible for obtaining permission from the
copyright holders to reproduce any figures, tables and photos
for which copyright exists.
•	The KONA Journal applies the Creative Commons Attribution
License to all works published by the Journal. Copyright stays
with the agreed copyright owner, and the Hosokawa Powder
Technology Foundation is granted the exclusive right to publish
and distribute the work, and to provide the work in all forms
and media.
•	Users of the journal will be able to reuse the contents in any
way they like, provided they are accurately attributed. No
permission is required from either the authors or the publisher.

Free electronic publication of KONA is available at http://www.kona.or.jp
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