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The Letter from the Editor

　Mr. Masuo Hosokawa, Chairman of Hosokawa 
Micron Corp. and the president of Hosokawa Pow-
der Technology Foundation, passed away on March 
31st, 2010. He was 85 years old. Many people in 
powder process industry know him as the man who 
has brought up the Hosokawa Micron Group as a 
world-leading company. He was a charismatic leader. 
He was admired with a feeling of awe by everybody 
who knows him. He attracted attention of the busi-
ness circle for his activities of M & A (Mergers and 
Acquisition).　In public of Japan he was known as 
an owner of many racehorses. I have always had an 
impression that he was quite dif ferent from many 
company presidents. He valued science and technol-
ogy as a base supporting his company. His belief was 
that the growth of his company would be dif ficult 
without the progress of powder technology and sci-
ence. He expressed his gratitude to this academic 
field not by talk but by action. Many years before the 
Hosokawa group became a big company, he was con-
tributing much to the development and promotion of 
powder technology and science. In 1957 he launched 
a journal “The Micromeritics”, which is an annual 
publication, named “Funsai” in Japanese. The 1957 is 
such a year when Japan entered an age of high eco-
nomic growth. At that time the name of his company 
was not “Hosokawa Micron Corp.” but “Hosokawa 
Iron Works, Ltd.” . He was in early 30s and a young 
managing director. After taking over the presidency 
from his father, he steered the company toward its 
globalization. The contents of the first issue of “The 

Mr. Masuo Hosokawa

Micromeritics” were introductions of technology 
developed in Hosokawa, but from the second issue 
“The Micromeritics” came up with academic aspects 
presenting original papers and reviews by research-
ers besides the information of the company. Hoso-
kawa Iron Works held the first Symposium of Powder 
Technology in 1968 under his leadership to promote 
powder technology and science. The Party of Powder 
Technology (Japan) was organized around that time 
as a group planning the symposium. The Party of 
Powder Technology (Japan)  changed its name to the 
Council of Powder Technology later. The Council is 
formed by university professors. The Micromeritics 
journal and the Symposium of Powder Technology 
have been continued without interruption up to the 
present. Publishing the journal for 54 years and hold-
ing the symposium for 43 years are enough to admire 
Hosokawa Micron’s contribution to academics. What 
surprised many companies and researchers in Japan 
and other countries about Hosokawa Micron was 
that this company issued an English journal named 
“KONA” in 1983. Those days it was hard to imagine 
that a small Japanese company of powder machin-
ery published an academic journal in English.　At 
first, the purpose of KONA was to introduce good 
research papers in Japanese to the world by translat-
ing them to English, but later it changed to an inter-
national journal publishing papers from all over the 
world. In 1991, he established the Hosokawa Powder 
Technology Foundation and became the president 
of the Foundation. The basic fund was from Mr. Ho-
sokawa. The foundation activities include providing 
research grants, holding the symposium and publish-
ing KONA Powder and Particle Journal. Nearly 20 
years have gone by since the start of the foundation 
and the total of grantees reaches a big number.
   All these activities of Hosokawa Micron Corp. have 
been done under his strong leadership. Numerous 
services he rendered during his life time are great 
and immeasurable. With grateful appreciation for his 
services, I offer this token of my deepest sympathy.

Yutaka Tsuji
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Comment of the Cover Photograph
Simultaneous measurement of particle motion and temperature in two-

dimensional fluidized bed with heat transfer

Takuya Tsuji, Takuya Miyauchi, Satoshi Oh and Toshitsugu Tanaka
Department of Mechanical Engineering,

Osaka University

Gas-fuidized beds are widely used in industrial processes concerned with heat transfers.  

Complex interactions between particles, gas flows and bounded walls induce the formation 

of characteristic spontaneous flow structures that give large influence on the dispersion 

and mixing characteristics of particles and heat transfers.  For the better understandings of 

heat transfers in fluidized beds and further improvement of numerical models, it is 

important to know the relations between the behavior of spontaneous flow structures, the 

motion of individual particles and heat transfers in detail.

The figure shows a result of simultaneous measurement of particle velocity and 

temperature distributions in a two-dimensional fluidized bed under a spouting condition.  A 

coupling technique between Particle Tracking Velocimetry (PTV) and Infrared 

Thermography (IT) is developed.  In the present case, a gas flow at room temperature is 

injected to the vessel filled with spherical aluminium particles elevated to 423 K initially.  

By the present technique, particle velocity and temperature can be observed in the 

individual particle-level.  The particle layer is divided into fluidized and unfluidized regions 

and a typical circulating flow pattern is observed in the fluidized region.  In the unfluidized 

region, the motion of particles is not active and the temperature is lower than that in the 

fluidized region due to the contact with the front wall for a long time.
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Abstract

　The pulmonary route is of interest for both ef fective local therapy for respiratory and lung 
diseases, such as asthma, chronic obstructive pulmonary disease and cystic fibrosis, and systemic 
administration of drugs, such as proteins and peptides. Dry powder inhalers (DPIs) are devices 
through which a dry powder formulation of drug is delivered via the pulmonary route. The DPIs 
are highly ef ficient but complicated systems, the performance of which relies on many aspects, 
including aerodynamic diameter of the powder formulation, particle density, bulk density, surface 
morphology and composition, particle shape, interparticulate cohesive forces between drug particles 
and interparticulate adhesive forces between drug and carrier particles. Among them, surface 
morphology of both drug particles and carrier particles within the formulation is a very important 
factor in determining the interparticulate contact area and forces, aerosolization ef ficiency and 
subsequent lung deposition. Techniques that have been applied to study surface properties of solid-
state particles in DPIs include atomic force microscopy, micro- and nanothermal analysis, inverse 
gas chromatography and X-ray photoelectron spectroscopy. This paper reviews dif ferent aspects of 
DPIs, with emphasis on their surface properties and influence on aerosol performance, and the 
techniques that are utilized to examine their surface properties.

Keywords:  pulmonary drug delivery, inhalation aerosols, surface chemistry, interparticulate forces, particle engi-
neering, pharmaceutical powders

Surface Analytical Techniques in Solid-State Particle 
Characterization for Predicting Performance in 

Dry Powder Inhalers†

Xiao Wu, Xiaojian Li, and Heidi M. Mansour*
University of Kentucky College of Pharmacy
Department of Pharmaceutical Sciences-Drug Development Division1

1. Pharmaceutical Solids

1.1 Overview
　The solid-state1, 2) is the most common state in 
marketed pharmaceutical products. The final solid 
state dosage form includes the active pharmaceuti-
cal ingredient (API) and excipients. One of the main 
advantages of the solid state relative to the liquid 
state is higher physical and chemical stability due to 
slower degradation kinetics. Thereby, a longer phar-
maceutical shelf-life can be achieved. Pharmaceutical 
compounds in the solid-state can exist as crystal-
line3-5) and amorphous6-9) forms.

1.2 The Crystalline state & polymorphism
　In crystalline materials, structural units are re-
peated in a regular manner and form a well-defined 
lattice. In other words, crystalline materials possess 
both short-range and long-range molecular order. 
The crystalline forms include polymorphs10, 11) and 
pseudopolymorphs12). Polymorphism13, 14) describes 
the ability of the crystalline substance to exhibit dif-
ferent lattice structures and/or molecular conforma-
tions, without undergoing changes in its chemical 
composition. The pseudopolymorph refers to crystal-
line hydrates and solvates10, 15, 16), which incorporate 
bound water molecules (hydrates) or bound organic 
solvent molecules (solvates) in the crystal structure.  
Depending on the solid phase of an API, properties 
such as morphology, density, stability, melting point, 
solubility and color can be different. These differ-
ences may, in turn, have significant influence on the 
API’s physical and chemical stability, bioavailability17) 
and processability18), including powder flowability19, 20) 

† Accepted: July 27th, 2010
1 789 South Limestone St., Lexington, KY 40536-0596, 

USA
* Corresponding Author
 Telephone: (859) 257-1571
 E-mail heidi.mansour@uky.edu
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and compressability21). Typically, the thermodynami-
cally stable crystalline form is preferred since the 
risk of solid-state transformations (ie. solid-state 
phase transitions) during process and storage is mini-
mized.
　Thermodynamically over time, the less stable 
solid form possesses a higher Gibbs free energy, and 
hence, will convert to the more stable form which 
has a lower Gibbs free energy. Hence, solid-state 
phase transitions are of great importance in pharma-
ceutical material science. A phase transition can arise 
through melting, in solution, and solution-mediated, 
solid-solid transition. Molten transition takes place 
when a compound is heated and subsequently cooled 
after melting. A new solid phase can be obtained 
through solvent evaporation after being suspended 
or dissolved in a solvent. Solution-mediated phase 
transition has three steps: 1). dissolution of the meta-
stable form; 2). nucleation as a more stable form; and 
3). crystal growth of the stable phase. The solid-solid 
phase transition circumvents the transient liquid or 
vapor phase. The solid-solid transition can be cat-
egorized into monotropic and enantiotropic systems, 
in the case of polymorphic pairs. In a monotropic 
system, one polymorph is stable and the transition 
is irreversible. However, in an enantiotropic system, 
the transition is reversible and each polymorph is 
stable within a certain temperature range. Solid-state 
phase transformations22-25) include polymorphic inter-
conversions, dehydration or desolvation processes, 
and order-disorder transformations26). Furthermore, 
solid-phase transitions can be either thermodynami-
cally or kinetically controlled processes.
　In crystalline pharmaceutical powders, a crystal-
line particle has a number of crystal faces27). Each 
crystal face possesses unique surface properties. 
Typical crystal faces and Miller indices are shown 
in Fig. 1. Various faces of the L-Lysine monohy-
drochloride dihydrate (LH) crystals have different 
surface free energies which relates to crystal habit 
and orientation28). Therefore, understanding the sur-
face energetics29) of a particular crystalline face is of 
importance in pharmaceutical formulation, process-
ing, and therapeutic delivery. For instance, surfaces 
energetics of a particular crystal face influences the 
nature of chemical interactions with excipients in the 
formulation, as well as with other particles.

1.3  The Amorphous state & other metastable  
 states

　Unlike crystalline compounds, which have orien-
tational and positional long-range molecular order in 

all three dimensions of space, the amorphous state 
shows no long-range molecular packing ie. lacks long-
range molecular order. Since, the amorphous state is 
a mesophase/metastable phase (ie. not a thermody-
namically stable phase), physicochemical properties 
such as higher solubility, higher bioavailability, high-
er molecular mobility (ie. more disordered with high-
er entropy), higher chemical and physical degrada-
tion kinetics, and less stability over pharmaceutically 
relevant time scales are observed. Pharmaceutical 
development of amorphous form is being conducted 
in recent years to gain higher solubility30) because of 
a higher molecular mobility, although lower physical 
and chemical stability is associated with it. The strat-
egy of rationally designing the amorphous state into 
a pharmaceutical product can be utilized to overcome 
low bioavailability of poorly water-soluble crystalline 
drug candidates6, 9, 31, 32) which is increasingly more 
common with newer and promising drug candidates. 
The amorphous form can be generated intentionally 
or unintentionally by many common pharmaceutical 
processing methods, including milling33-35), quench-
cooling36), spray-drying37-42), freeze-drying9, 43, 44) and 
compression9, 32).
　The amorphous phase often originates on the 
surfaces of particles during various types of pharma-
ceutical processing procedures. The oxygen gas and 
water vapor adsorption on these disordered regions 
(having a higher molecular mobility) occurs initially 
on the surface of particles (ie. adsorption) resulting 
in acceleration in oxidation and hydrolysis reactions 

Fig. 1　 Illustration of the miller indices of crystal faces 
of a cubic crystal. The “short dash” (─) plane 
(001) meets the x, y and z axes at infinity, infinity 
and a, respectively. The “long dash dotted” (─.  
─ . ─) plane (110) meets the x, y and z axes at 
a, a and infinity, respectively.
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that then propagates below the surface into the bulk 
region (ie. absorption). Furthermore, the relatively 
higher molecular mobility of compound is further 
increased, where absorbed water acts as a plasticizer. 
Consequently, the physical and chemical stability45) 
over pharmaceutical timescales for the powder be-
comes compromised.
　The thermodynamic tendency for metastable phas-
es existing on the surface of particles in the solid-
state to readily take up small amounts of water vapor 
molecules in the environment is the basis on which 
quantification of very small amounts (1% or less) of 
these metastable phases can be carried out using 
gravimetric water vapor sorption.  Gravimetric vapor 
sorption (GVS), also sometimes called dynamic vapor 
sorption (DVS), is a powerful and highly quantitative 
analytical interfacial technique used in pharmaceu-
tical solid-state development, including inhalation 
aerosols.  Moreover, vapor-induced solid-state phase 
transitions (eg. disorder-to-order phase transition, 
recrystallization, liquid crystallization, etc.) can be 
systematically examined and quantified.  It is of par-
ticular utility in the characterization and performance 
prediction of particles intended for inhalation aerosol 
delivery, as often particle size reduction methods (eg. 
micronization) induce minute but significant amounts 
of metastable surface phases that can impact aerosol 
powder dispersion and particle behavior in the high 
relative humidity of the lungs (> 90%), as well as over-
all stability of the aerosol formulation product.
　In addition to the amorphous form, other meso-
phases/metastable phases46, 47) are important in the 
solid-state phase behavior of pharmaceuticals and 
phase transitions induced by pharmaceutical process-
ing techniques. Based on the type of molecular mobil-
ity and directional molecular order along one or two 
dimensions, a mesophase can be classified into liquid 
crystal48) (with positional and if applicable conforma-
tional mobility), plastic crystal (with orientational 
mobility)49-51), and condis crystal (with conformational 
mobility)52).
　Therefore, it is important to be able to determine 
that the desired form chosen for a pharmaceutical 
formulation is not contaminated with other solid-state 
forms that have varying bioavailability and stability. 
Based on this, it is essential to determine the effects 
of processing and storage conditions on the API, 
which may induce solid-state phase transitions and 
polymorphic transformations caused by mechanical 
(milling, compression) and thermal stresses or inter-
actions with formulation ingredients. Hence, solid-
state transformations have to be closely monitored 

and trace amount of contaminating polymorphs or 
non-crystalline metastable forms (eg. amorphous) 
should be detected to ensure safety, quality and ef-
ficacy of the pharmaceutical product53).
　Finally, the presence of partially ordered/disor-
dered phases are influential in affecting performance 
of particles constituting powders intended for aerosol 
inhalation, both in vitro and in vivo23, 26, 54, 55). These 
partially ordered/disordered phases may process-
induced or rationally designed into the particle for 
improving aerosol performance56-58) and therapeutic 
properties (ie. enhanced solubility and bioavailabil-
ity). These phases include nanocrystals59-61) (non-
amorphous state lacking long-range order), liquid 
crystals, plastic crystals, and amorphous phases. 
There is much interest in dry powder inhaler (DPI) 
performance prediction based on the static and dy-
namic properties of the powder, as a manifestation 
of the solid-state phases described above.  Recently, 
novel insight and predictive correlations between 
DPI particle surface properties and DPI aerosol per-
formance have been reported62-65).

2. Dry Powder Inhalers (DPIs)

2.1. Definition of DPIs
　In medical therapy, inhaled and aerosolized medi-
cations have been used for the treatment respiratory 
tract diseases, such as asthma and chronic obstruc-
tive pulmonary disease, for many decades66).
　Based on the physical states of dispersed-phase 
and continuous medium, inhaled drug delivery sys-
tems can be divided into three principle categories67): 
pressurized metered-dose inhalers (pMDIs), dry 
powder inhalers (DPIs), and nebulizers68). Within 
each class further differentiation is based on meter-
ing, means of dispersion, or design69). In nebulizers, 
the drug is dissolved or suspended in a polar liquid, 
usually water. Because of their large dimensions (in-
cluding pump, tubing and possibly ventilating air sup-
ply), nebulizers are not convenient to use. They are 
usually used in hospital or ambulatory care settings, 
and the aerosol is delivered continuously over an 
extended period of time. pMDIs are bolus drug de-
livery devices that contain solid drug, suspended or 
dissolved in a nonpolar volatile propellant. Dry pow-
der inhalers are devices through which a dry powder 
formulation of drug is delivered for local or systemic 
ef fect via the pulmonar y route. Lactose carrier-
based DPI formulations are comprised of coarse non-
respirable carrier particles of α-lactose monohydrate 
(FDA-approved) physically mixed with jet-milled 
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drug that is in the respirable size range62, 63, 70-72). Ad-
vanced particle engineering design techniques have 
enabled the formulation of lactose carrier-free DPI 
formulations73).

2.2. Advantages of a dry powder inhaler
　The development of DPIs has been motivated by 
the desire for alternatives to pMDIs, In 1987, the 
Montreal protocol called for signatory countries to 
phase out the production of CFC propellants in medi-
cal products, in order to stop depletion of the ozone 
layer74).
　In addition to being propellant free, DPIs are very 
portable, patient friendly, easy to use and do not re-
quire spacers73). Because a pMDI is pressurized, it 
emits the dose at high velocity, probably causing pre-
mature deposition in the oropharynx75, 76). Despite use 
of spacers, incorrect use of pMDIs is still a prevalent 
problem77). Thus, pMDIs require careful coordination 
of actuation and inhalation. Contrastingly, DPIs with 
passive devices are activated by the patient’s respira-
tory airflow. They require little or no coordination of 
actuation and inhalation and can achieve better lung 
delivery78, 79).
　Since DPIs are comprised of particles in the solid-
state (ie. powders)73), they possess higher stability 
relative to the liquid state80) and compared with pMDI 
formulations containing propellant and cosolvents81). 
Summary of the advantages and disadvantages of dry 
powder inhalers is shown in Table 1.

2.3. Drugs incorporated in DPIs
　There are several factors which should be taken 
into consideration in the development of a dry pow-
der aerosol delivery system, including drug powder 

production, aerosol performance and delivery device.
　Among them, the desired site of deposition should 
be the starting point for every DPI development. 
When local effects are desired, receptor densities 
may be indicative for the preferred site of drug de-
position, while when systemic absorption is desired, 
differences in membrane permeability and clearing 
mechanisms may be decisive. The majority of pulmo-
nary drugs on the market are short-acting and long-
acting ß agonists, corticosteroids, and anti-choliner-
gic agents. Bronchodilators (ß2-agonists) in asthma 
and COPD, such as salbutamol and formoterol, inter-
act with ß2-adrenoceptors, which are located on a va-
riety of cells, including smooth muscle and epithelial 
cells. The concentration of ß-receptors throughout 
the lungs varies. Most of them are located in the 
alveoli82-85). Inhalation steroids are the cornerstone 
in asthma therapy and their molecular action oc-
curs at intracellular glucocorticoid receptors, which 
are located through out the airways and alveoli86, 87). 
Anti-cholinergic agents target muscarinic receptors, 
which are moderately distributed throughout the air-
ways and periphery82, 88).

2.4. Powder production process
　The first step of DPIs manufacture is to produce 
bulk drug preparations by crystallization from solu-
tion, filtration and drying. Subsequently, to create 
particles in the respirable size range (< 5 µm in di-
ameter), the drug particle size must be reduced. The 
conventional size-reduction technique is milling89-92), 
which is simple, cheap and easy to scale up. There 
are many different mills, three main types of which 
used in active pharmaceutical ingredient manufac-
ture are fluid-energy mills, high-peripheral-speed 

Table 1　Summary of advantages and disadvantages of dry powder inhalers.

Advantages Disadvantages

Different dose forms (single unite dose, 
multi-unit dose and multiple dose) Moderate to high respiratory flow required

Formulation stability Deposition efficiency dependent on 
patient’s respiratory airflow

No propellant, environmental sustainability May cause high pharyngeal deposition

Small, portable and quick to use Not all medications available

Breath-actuated, little or no patient 
coordination required

Short treatment time

Spacers not required and dose counters 
incorporated in most newer designs
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mills, and the ball mill. The shortcoming of milling is 
its poor control over the particle crystallinity, shape, 
size and size distribution.
　Other techniques for production of stable micron-
sized particles involve spray drying93-95) and super-
critical fluid technology96-98). In spray drying, the 
feed solution is supplied at room temperature and 
pumped to the nozzle where it is atomized by the 
nozzle gas. The atomized solution is then dried by 
preheated drying gas in a special chamber to remove 
water moisture from the system, thus forming dry 
particles. These prepared particles are collected with 
a cyclone separation device99, 100). Compared with mill-
ing, spray-drying offers more flexibility and the pos-
sibility of morphology control in addition to size con-
trol101, 102); however, spray dried particles are mostly 
amorphous103).
　The basic feature of the supercritical fluid process 
is the controlled crystallization of drugs from dis-
persion in supercritical fluids, carbon dioxide. This 
method has demonstrated a wide range of application 
in producing pulmonary inhalable formulations104-106). 
Supercritical fluid technology can be divided into sev-
eral classes. The most important two are supercritical 
anti-solvent precipitation (SAS)107, 108) and supercritical 
fluid extraction of emulsions (SFEE)109, 110). The fun-
damental mechanism of SAS is based on rapid precip-
itation when a drug solution is brought into contact 
with a supercritical CO2. SFEE is based on extraction 
of the organic phase in oil-in-water or multiple emul-
sions using supercritical CO2

109, 110). Because most 
of the drugs (e.g., asthma drugs) are not soluble in 
CO2, SAS processes provide an easy and excellent 
way to produce dry powder inhalation formulations. 
SFEE can provide uniform crystalline drug particles, 
composite particles containing polymeric materials 
and the drugs109, 110). For the formulator, it is impor-
tant to consider the effect of each technique on the 
drug when choosing a suitable one to produce the 
desired results.

2.5.  Interparticulate forces and strategies to  
 improve aerosol performance

　Micron-sized particle (< 5 µm) produced by high-
energy operations such as milling usually have large 
surface areas and surface energies, which cause 
poor flow and a high tendency to aggregate111). These 
interparticulate cohesive forces include mechani-
cal interlocking due to surface asperities, capillary 
forces from the presence of water, electrostatics 
arising from the insulating nature of the material, 
and van der Waals forces from the fundamental elec-

tromagnetic nature of matter92, 112). One way to add 
in particle separation is to agglomerate micron-sized 
drug particles with larger “carrier” particles of the 
excipients113). Excipients can reduce drug cohesive-
ness by occupying the high-energy sites of the drug 
particles, consequently improving handling, dispens-
ing, and metering of the drug. According to the FDA 
guidance for dry powder inhaler drug products, α
-lactose monohydrate is the only approved sugar that 
can be used as a larger carrier particle in dry powder 
inhalation aerosol products to fluidize and disperse 
the respiratory drug while itself not being delivered 
to the lung. Lactose is highly crystalline and has the 
smooth surfaces and satisfactory flow properties de-
sirable for a DPI carrier particle. The disadvantage of 
lactose is that it is a reducing sugar, which may lead 
to chemical instability particularly in formulations 
containing protein and peptides114). Other sugars, 
such as mannitol and glucose have been shown to be 
feasible alternatives to lactose115).
　Except for blends using fine carriers and ternary 
components, several other methods can be used to 
improve the performance of dry powder aerosol de-
livery systems:
　・ Low aerodynamic diameters (e.g., small physical 

size)
　・ Low particle density (e.g., porous particles)116)

　・ Low bulk density (loose particle packing to re-
duce particle contacts)117)

　・ Rough surface (to increase air drag force and 
reduce particle interaction)118-120)

　・ Surface composition (to reduce surface energy)
　・ Shape (e.g., elongated particles)
　The basic principle of the above methods is to over-
come the cohesive forces between drug particles. 
Moreover, to generate an aerosol containing drug 
particles in the aerodynamic size range of 1－5 µm 
and deliver the drug particles to the target area for 
deposition, the drug particles must be detached from 
the carrier crystals in adhesive mixtures or nucleus 
agglomerates by shear forces during an adequate 
inhalation. Coates et al. analyzed computationally and 
experimentally the influence of airflow rate of a DPI 
on particle dispersion and throat deposition. An opti-
mal inhaler performance was found at a respiratory 
airflow rate of 65 liters/min121).

2.6. Device design of a dry powder inhaler
　From the design viewpoint, the primary compo-
nents of a dry powder inhaler are the same for all 
types of devices on the market as well as those in 
development. They consist of a powder formula-
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tion, a dose mechanism, a powder de-agglomeration 
principle, and the inhaler’s mouthpiece. The dose 
mechanism is applied to measure a single drug dose. 
The powder de-agglomeration principle is used to dis-
pense the powder into the inhaled air stream. In some 
devices, secondary inhaler parts may be applied for 
different purposes, such as safety, ease of handling, 
signaling to the patient and moisture protection of 
the drug formulation. The de-agglomeration principle 
is one of the most important parts of the inhaler, as 
to a large extent it determines the de-agglomeration 
ef ficiency and thereby the lung deposition of the 
drug. The dry powder formulation is also a critical 
component of a DPI122, 123). Most formulations are sen-
sitive to moisture during manufacturing, storage, and 
usage, which may affect the ultimate delivery of 1 to 
5 micron-sized, stable, and reproducible drug aero-
sols. Therefore, new packaging technologies, includ-
ing multidose blister packs, the use of nonirritating 
excipients, and improved device designs have made 
DPIs more acceptable124).

3.  Surface Properties of Powder Formulations  
 and Surface Analytical Techniques

　For pharmaceutical solid systems, the surface of 
the primary active pharmaceutical ingredient and as-
sociated excipient particles is crucial during manufac-
turing, as it affects not only the handling character-
istics such as powder flowability and compressibility 
but also the product performance such as wettability, 
hardness, and dissolution rates125-127). For dry powder 
inhalation aerosols, surface morphology (corrugated 
or smooth surface) of both drug particles and carrier 

particles within the formulation directly influence the 
interparticulate contact area, interparticulate forces, 
aerosolization efficiency and subsequent lung deposi-
tion120, 128, 129). Surface properties of dry powders can 
be exploited for DPI formulation design by creat-
ing or selecting drug particles and carrier particles 
with specific morphology130, 131). Drug particles, with 
a higher degree of surface rugosity are reported in 
lower powder cohesion and consequently increased 
dispersibility of powder particles120). Conversely, high 
degrees of surface roughness may also promote me-
chanical interlocking between particles, influencing 
the powder flow and dispersion132). Hence, it is im-
portant to choose an optimal value considering both 
advantages and disadvantages. Surface morphology, 
together with particle size and shape, determines 
surface area, which in turn determines the contact 
area and interparticulate forces between particles. 
Corrugated particles have more surface area than 
smooth par ticles that occupy the same volume. 
Therefore, ideally, surface properties, including sur-
face morphology, contact area and interparticulate 
forces, should be adjusted to a level that provides 
enough adhesion between drug and carrier to obtain 
a stable formulation, and also allows easy separation 
upon inhalation. Techniques that have been applied 
to study surface properties of solid-state particles 
in dry powder inhalers include atomic force micros-
copy, micro- and nanothermal analysis, inverse gas 
chromatography, and X-ray photoelectron spectros-
copy. They are summarized in Table 2 and described 
in the following sections.

Table 2　Summary of surface analytical techniques as well as parameters accessible by them.

Surface analytical techniques Applications

Atomic force microscopy (AFM)
Microscopic analytical technique. Characterizes surface structure, 
morphology, adhesive forces, interparticulate interaction between drug and 
drug particles, and drug and carrier particles.

Micro- and nanothermal Analysis
(MTA/NanoTA)

Highly localized (micrometer or sub-micrometer scale) thermal analytical 
technique. Measures the composition, morphology, and transition of 
inhalation powder particles. Distinguishes between the drug substance and 
excipients in solid dispersion. Evaluates heterogeneity of multicomponent 
systems and provides three-dimensional information.

Inverse gas chromatography (IGC)

Chromatographic analytical technique. Elucidates a wide range of 
physicochemical properties of the solid, including surface energy, heats 
of sorption, adsorption isotherms, glass transition temperatures, solubility 
parameters, energetic heterogeneity profiles, diffusion coefficients and 
particular functional groups on the surface of solid materials.

X-ray photoelectron spectroscopy (XPS)
Quantitative spectroscopic technique. Measures surface elemental 
composition of a dry powder inhalation aerosol, empirical formula, chemical 
state and electronic state of the elements that exist within a material. 
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3.1. Atomic force microscopy (AFM)
　Atomic force microscopy is a technique employed 
to analyze and characterize the surface structure, 
morphology and forces of materials at the nanoscopic 
and atomic level133-136).
　One of the important components of AFM is a mi-
cro-fabricated cantilever whose deflection is usually 
recorded by laser reflection when it interacts with a 
moving substrate. Direct measurement of force can 
be achieved by ramping the tip vertically in z axis di-
rection, towards and away from a sample. When the 
tip approaches, makes contact with, and is removed 
from a surface, the relative deflection of the cantile-
ver produces a force-distance curve. The change in 
hysteresis in cantilever deflection during approach 
and retraction is related to the magnitude and type of 
forces acting between the two surfaces137, 138). A sche-
matic representation of principle of AFM is shown in 
Fig. 2.
　Based on its capability to measure morphological 
properties of materials, AFM is used to predict the 
aerosolization performance of micron-sized particles 
for inhalation. As stated above, the force required to 
aerosolize an adhered drug particle is directly pro-
portional to the sum of the surface energies of the 
contiguous surfaces, and inversely proportional to 
the projected contact area. The two most common 
approaches to improve the aerosolization efficiency 
in these systems are to reduce the surface free en-
ergy of the contacting surfaces or modify the particle 
shape to limit contact area. Producing drug particles 
with rough surfaces can reduce surface free energy 
and particle adhesive forces. Spray drying process 
has demonstrated the potential to prepare physically 
stable drug powders with modified surface morphol-
ogy, presumably due to the differences in initial feed 
concentration and solvent evaporation rate118, 120, 139-141). 
To clarify this, in one study, a series of spherical 
model drug particles of bovine serum albumin (BSA) 
was prepared with different degrees of surface cor-
rugation by spray drying process142). The relationship 
between the morphology of the prepared particles, 
adhesion and aerosolization efficiency was investi-
gated quantitatively using AFM imaging and colloid 
probe measurements. The results confirmed that as 
the degree of corrugation increased, particle adhe-
sion was reduced which, resulted in a concomitant 
increase in fine particle fraction FPF and better aero-
solization performance.
　AFM has also been identified as a tool capable of 
measuring the interactions between individual par-
ticulates and substrates at specific environmental 

conditions, such as temperature and relative humid-
ity (RH). Capillary interaction due to the water vapor 
is one of the primary interparticulate forces in dry 
powder delivery systems. Young et al. investigated 
into the effect of humidity on drug-drug interactions 
using the AFM with an attached custom-built perfu-
sion apparatus143). Salbutamol sulfate drug particu-
lates were chosen as a model system and mounted 
on V-shaped AFM cantilevers using a novel microma-
nipulation technique. Force-distance curves obtained 
from the measurements between cantilever drug 
probes and model compacts of salbutamol sulfate 
were integrated to determine separation energies as 
a function of RH (15-75%). Significant increases in the 
median separation energies were observed as humid-
ity was increased, most likely attributed to stronger 
capillary interaction at higher humidity. This study 
also shows the potential of AFM as a rapid prefor-
mulation tool to quantify the separation energies be-
tween micronized drug particles.
　In addition to the characterization of the surface 
morphology and interparticulate interactions be-
tween drug and carrier particles, the AFM provides 
opportunity to assess the interaction between inhaled 
drug particles and the internal surfaces of the deep 
lung, that is to say the interaction between micron-
ized drug particles and pulmonary surfactant. In 
one study, the force of adhesion between micron-
ized budesonide particles and simulated pulmonary 
surfactant (PS) monolayers (Survanta® monolayers) 
were visualized and quantified by the combination 
of AFM with a Langumir-Blodgett (LB) approach144). 
The results indicated that budesonide is hydrophobic 
and Survanta® films at increasing surface pressure 
exhibit a rising hydrophobic character. AFM re-
vealed that PS properties were governed by applied 
surface pressure and that the degree of interaction of 
budesonide was greater at higher surface pressure, 

Sample Surface

Cantilever & Tip

Photodiode

Computer

Laser

Scanner

Fig. 2　 A schematic representation of general principle 
of atomic force microscope.



KONA Powder and Particle Journal No.28 (2010)10

where packing of the lipid film was increased; con-
sistent with the point of exhalation. The increasing 
hydrophobicity of the PS film, on increased pressure, 
was believed to be the primary reason for increased 
interaction with the hydrophobic budesonide, which 
correlates well with the accepted inhaler technique.
　Besides, AFM has been used to observe and moni-
tor the crystallization of lactose and the ef fect of 
mechanical processing on the powder surface. The 
cohesive-adhesive balance (CAB) approach to col-
loid probe AFM has been employed to measure the 
interfacial force balance between an active pharma-
ceutical ingredient and substrate surfaces145, 146) and 
determine the influence of micronized budesonide 
crystal habit on the prediction of dry powder inha-
lation formulation performance147). Tapping mode 
AFM effectively images crystals of various organic 
compounds, including drugs (cimetidine148) and felo-
dipine149)), and the adhesional properties of carrier-
particle130, 145, 150-152).

3.2. Micro- and nanothermal analysis
　Micro- and nanothermal analysis is an emerging 
localized thermal analysis technique which in es-
sence involves the replacement of the tip of a conven-
tional atomic force microscope with a thermal probe, 
thereby allowing site-specific characterization153-158). 
It overcomes the disadvantage of conventional bulk 
thermal measurement techniques, such as dif fer-
ential scanning calorimetry (DSC) and modulated 
temperature DSC (MTDSC). DSC and MTDSC only 
provide results representing the sum of all the con-
stituents in the specimen and no information on the 
size, shape or spatial distribution of constituents with-
in a multicomponent system. The principle of micro- 
and nanothermal analysis is based on performing 
highly localized material property characterization on 
a micrometer to a sub-micrometer scale on a sample 
subjected to a controlled temperature programme us-
ing a heated tip.
　Like an AFM, the major component of a micro- and 
nanothermal system is a cantilever with an integrated 
tip that is used to scan the surface, its position being 
controlled in the x, y and z directions by means of a 
piezoelectric scanner. Laser light is used to measure 
the bending degree of the cantilever, and thereby 
the normal force acting between the tip and sample. 
Instead of standard AFM tips, the instrument uses a 
thermal probe. Two popular thermal probes are Wol-
laston wire based probes (platinum/rhodium core 
surrounded by a silver sheath) and silicon-based 
nanoprobe. Wollaston wire based probes are approxi-

mately 1 µm, although the use of thinner wires159) or 
the addition of diamond tips160) has achieved a resolu-
tion around 100 nm. Silicon-based nanoprobe with a 
miniature heater has a topographic spatial resolution 
of around 5 nm and thermal property measurement 
resolution of up to 20 nm161).
　Micro- and nanothermal techniques allow the in-
vestigation of the composition, morphology and tran-
sition of inhalation powder particles162, 163). It is able to 
distinguish between the drug substance and excipi-
ents in solid dispersions. This technique also allows 
the study of sample surface as well as analysis of the 
distribution of materials below the surface of the ma-
terial by having the probe penetrate the sample sur-
face. Consequently, materials can be characterized 
in a spatially resolved manner, especially in terms of 
providing three-dimensional information.
　The manufacturing of dry powder inhalers involves 
the micronization of the drug and mixing with an 
inert carrier such as lactose in order to facilitate ad-
equate drug penetration into the lungs. The surface 
properties of both components are crucial to subse-
quent performance. Since the amorphous material is 
thermodynamically unstable in terms of recrystalliza-
tion and may also be more susceptible to chemical 
degradation, the generation of even small quantities 
of amorphous material may have a profound effect 
if the material is located extensively on the powder 
surface. Therefore, the quantification and mapping 
of amorphous materials in other wise cr ystalline 
samples has become a major concern. Dai et al. has 
described a case study using nanothermal analysis 
for a reliable identification of partially amorphous 
surface153). The authors prepared compressed tab-
lets of amorphous and crystalline lactose and used 
thermomechanical analysis (L-TMA) performed by 
using micro- and nanothermal analysis in addition to 
single point variable temperature pull-off force mea-
surements for mapping amorphous and crystalline 
lactose at a nano-scale. L-TMA was shown to be able 
to differentiate the amorphous and crystalline forms 
of lactose via measurement of the thermal events 
associated with them. Pull-of f force measurement 
showed that amorphous lactose has higher adhesion 
than crystalline, even at temperatures below glass 
transition tomperature (Tg), and this kind of adhesion 
increased on approaching the Tg.
　Nanothermal analysis (nano-TA) has also been 
utilized to characterize nano- and micro-scale hetero-
geneity in the solid-state properties of drug-polymer 
formulations164). Zhang et al. demonstrated that the 
morphology of a nano-dispersed pharmaceutical sys-
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tem containing carbamazepine (CBZ) and hydroxy-
propyl methyl cellulose (HPMC) at a 50/50 polymer/
drug ratio was mapped and determined by using 
nano-TA probes164). High resolution image obtained 
from AFM tapping mode showed a structure with 
an occluded phase, and the continuous matrix cor-
responded to HPMC while the bright occluded phase 
was attributed to the presence of CBZ nano-crystals, 
approximately 50 nm in size. The phase image con-
trast observed confirmed the presence of heteroge-
neity.

3.3. Inverse gas chromatography (IGC)
　IGC is a physical characterization technique that 
has been used for the measurement of the surface 
properties of a wide range of solid materials, includ-
ing pharmaceutical powders, nanomaterials, poly-
mers and coatings.
　The concept of IGC is rather simple; taking a stan-
dard gas chromatography (GC) experiment and in-
verting the roles of the stationary (solid) and mobile 
(gas or vapor) phases. In GC, a standard column is 
used to separate and characterize several gases and/
or vapors. With IGC, the unknown surface is the 
powder that is packed into a column and the known 
materials are the vapor probes that are injected into 
the column (Fig. 3). The retention time of the probe 
molecule is then measured by traditional GC detec-
tors, such as flame ionization detector and thermal 
conductivity detector. Measuring how the retention 
time changes as a function of probe molecule chem-
istry, probe molecule size, probe molecule concentra-
tion, column temperature, or carrier gas flow rate can 
elucidate a wide range of physicochemical properties 
of the solid.
　Parameters accessible by IGC include heats of 
sorption, adsorption isotherms, glass transition tem-
peratures165), solubility parameters166), and particu-
larly surface energy of solids167-169). Many publications 
have shown potential for IGC use in batch to batch 
variability170), the influence of milling on the surface 
free energy171, 172), differences of surface free energy 
for two isomers28), the influence of humidity on sur-
face free energy of different powders and drug-carri-
er interactions for dry powder formulations173, 174).
　The surface energetics of two supercritical CO2-
processed and two commercial reference samples of 
salmeterol xinafoate (SX), a selective long-acting ß2-
adrenergic bronchodilator used clinically for asthma 
prophylaxis, have been characterized by IGC at infi-
nite dilution175, 176). The results showed that the meta-
stable SX-II polymorph possessed a higher surface 

free energy, higher surface entropy, and a more polar 
surface than the stable SX-I polymorph.
　IGC can give information on the relative exposure 
of particular functional groups on the surface of 
solid materials, due to electron acceptor and donor 
properties177). Grimsey et al. have demonstrated that 
the acidic and basic parameters of saccharides deter-
mined by IGC reflected the concentration of hydroxyl 
groups exposed on their surface178). Furthermore, 
IGC can be used to determine the functional groups 
on the surface of solid materials at various relative 
humidities, to explore the extent of the interaction 
between the surface and water179, 180). Sunkersett et al. 
have demonstrated that the specific energies of ad-
sorption of polar probes for paracetamol and carbam-
azepine changed as RH was raised and the particular 
interaction sites of water molecules on the surface 
have been identified using a combination of IGC and 
molecular modeling173).
　Summarily, IGC appears to be of particular utility 
for DPI formulation work, as it requires only small 
samples for analysis, and it is nondestructive, fast 
and information rich. A more comprehensive review 
of this technique has been published elsewhere169, 181-

183).

3.4. X-ray photoelectron spectroscopy (XPS)
　As a quantitative spectroscopic technique, X-ray 
photoelectron spectroscopy measures the elemental 
composition, empirical formula, chemical state and 
electronic state of the elements within a material. 
Briefly, powder samples are irradiated by an X-ray 
beam, which induces the ejection of electrons from 
the atoms. The kinetic energies of the photoelectrons 
are analyzed and their binding energies are deter-
mined. Since the binding energies of electrons in the 
atom of origin are characteristic for the elements in 
a certain chemical environment, XPS provides an 

Fig. 3　 Inverse gas chromatography uses injection of a 
probe gas to analyze the characteristics of solid 
sample packed into a standard column.
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elemental analysis and further information on func-
tional groups, including the atomic compositions of 
a sample, the chemical state of a certain element, 
the electronic structure and band structure. In many 
cases, chemical shifts can be used to draw direct con-
clusions on the local coordination in a system and the 
electronic change upon adsorption.
　One example of the application of this technology 
in the characterization of surface composition of a 
dry powder inhalation aerosol is given here. The sur-
face composition of a dry powder aerosols prepared 
by spray-drying was analyzed by XPS184). The powder 
aerosols were made of albumin, dipalmitoylphospha-
tidylcholine (DPPC) and a protein stabilizer (lactose, 
trehalose or mannitol). The powders exited a Spin-
halerTM inhaler as particle aggregates. XPS results 
revealed a large surface excess with DPPC relative 
to albumin under certain spray-drying conditions and 
self-organized in a gel phase in the particle. Further-
more, no sugar or mannitol crystals were detected 
by X-ray dif fraction and water sorption isotherms 
showed that albumin/sugar/DPPC combinations 
were not prone to crystallization upon exposure to 
moisture. The surface enrichment of DPPC and the 
avoidance of crystallization offer a physical environ-
ment favorable to protein stability.

Conclusion

　The fundamental understanding of rational DPI 
formulation and aerosol dispersion performance is 
rooted in fundamental principles  in the basic science 
disciplines of solid-state physics, physical chemistry, 
surface chemistry, micromeritics, powder technol-
ogy, and aerosol science.   This paper describes the 
important features of DPIs and the techniques used 
to examine the surface properties of the particles 
comprising a DPI formulation.  Surface analytical 
techniques such as AFM, MTA/NanoTA, IGC, XPS, 
and GVS can provide very useful and unique surface 
parameters, including surface composition, morphol-
ogy, structure, energetics, phase behavior, and inter-
particulate forces. The fundamental data acquired 
from these surface analytical techniques can greatly 
facilitate an in-depth and rigorous understanding of 
the powder formulation at the level of particle inter-
faces (ie. the solid-solid interface, the solid-liquid in-
terface, and/or the solid-air interface) existing in dry 
powder inhalation aerosol formulations.  These inter-
faces give rise to the interfacial interactions acting 
between particles and consequently greatly influence 
the aerosol dispersion performance of particles in the 

solid-state. A fundamental understanding, as such, 
can provide unique predictive insight into rationally 
designing particles in the solid-state that are intended 
for use in DPIs having optimal surface properties to 
provide optimal aerosol dispersion performance for 
a given DPI formulation.  Furthermore, a given DPI 
formulation can be rationally tailored at the particle 
surface level to increase its aerosol dispersion perfor-
mance.
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Abstract

　Non invasive imaging modalities such as computed x-ray tomography, ultrasound, magnetic 
resonance imaging and positron emission tomography are used clinically for diagnostic medical 
applications. Contrast agents are frequently used for providing better spatial resolution with higher 
sensitivities. In recent years, advances in the field of nanotechnology have further fueled the research 
and development of contrast agents and introduced nanoplatforms to obtain sensitive imagery and 
detect changes at cellular and molecular level. Nanoparticles such as fluorescent silica, quantum 
dots, iron oxides, magnetically and optically labeled liposomes, dendrimer's are routinely employed in 
research investigations. A rising trend in this area is the development and use of multimodal contrast 
agents which enable multiple imaging modalities using a single entity and of fer the possibility of 
improved diagnostics, preclinical research and therapeutic monitoring. This review paper focuses on 
the synthesis and application of optical and magnetic nanoparticulate probes and their integration 
into single multimodal nanoparticulate entities.

Keywords:  Nanoparticles, multimodal, multifunctional, MRI, magnetofluorescent, magnetic, fluorescent
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1. Introduction

　Since early developments in x-ray imaging, medi-
cine has become more and more reliant on bioimag-
ing for the diagnosis of disease, the identification 
of physiological abnormalities, and the selection of 
therapeutic interventions. Modern medicine has 
been transformed by robust imaging modalities such 
as optical and magnetic resonance imaging (MRI) 
and continues to evolve with the ever changing tech-
nology landscape. These imaging methodologies 
and their corresponding contrast agents have made 
profound contributions to human health; a feature 
that is being further augmented with the advent of 
engineered nanotechnology based contrast agents.
　The potential of X-rays for medical imaging was re-

alized soon after their discovery by William Rontgen 
in 1895. The advancement of X-rays based imaging 
techniques was continued for next several decades 
and resulted in the development of computed tomog-
raphy (CT), an indispensible tool for medical imag-
ing. During this period other imaging techniques eg 
MRI and Nuclear imaging (PET, SPECT) based on 
different physical principles have been developed. 
These imaging modalities have been employed clini-
cally and in research to visualize the anatomical 
structures and to obtained information about the 
physiological function of various tissues and organs. 
Over the past decade, the research in bioimaging 
has become focused on the visualization of cellular 
and molecular activities in real time for an intact 
organism. However, no single imaging modality 
has the sensitivity and resolution to allow the direct 
observation of these processes at that level. Each 
imaging modality has its own unique strengths and 
weaknesses (Table 1). For instance CT provides 
high resolution but uses potentially harmful ionizing 
radiation and offers poor soft tissue contrast. MRI 
provides excellent soft tissue contrast but suffers 
form low sensitivity. Nuclear imaging has high sensi-
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tivity but provides limited anatomical information. In 
the recent past attempts have been made to integrate 
imaging modalities synergistically to enable better 
diagnosis and help plan for ef fective therapeutic 
strategies. For example, by combining CT with MRI 
detailed information about both soft and dense tis-
sue can be obtained. Combination of MRI and optical 
imaging provides the high resolution (spatial and 
temporal) and deep tissue penetration of MRI and the 
sensitivity of optical imaging probes. 
  Contrast agents are frequently used in various im-
aging modalities to improve the signal to noise ratio 
and provide better spatial resolution and/or higher 
sensitivities. In recent years, advances in the field 
of nanotechnology have introduced novel nanoplat-
forms to obtain sensitive imagery and detect changes 
at cellular and molecular level. Nanoparticles such 
as fluorescent dye doped silica, quantum dots, iron 
oxides, magnetically and optically labeled liposomes, 
dendrimers are routinely employed in research 
investigations. Incorporation of contrast agent in 
nanoparticles can lead to improved stability and sen-
sitivity of the encapsulated imaging agents. Further, 

multimodal contrast agents, or the incorporation of 
multiple types of contrast agents into a single nano-
material, may offer improvements in patient care and 
at the same time can reduce costs and enhance safety 
by limiting the number of contrast agent administra-
tions required for imaging purposes. 
　This review focuses on the synthesis and applica-
tion of optical and magnetic nanoparticulate probes 
and various challenges faced by researchers for their 
integration into single multimodal nanoparticulate en-
tities. In general, nanoparticles based probes should 
possess following properties
　1)　 High sensitivity for their administration at ul-

tra low concentrations 
　2)　 Chemical and physical stability in the biologi-

cal environment
　3)　 Amenable to surface functionalization for easy 

conjugation with targeting moieties 
　4)　 High dispersibility in biological environment 
　5)　 Stealth properties to avoid uptake by reticu-

loendothelial system (size, shape and surface 
modification)

　6)　 Elimination from the body after achieving de-

Table 1　 Comparison of commonly used imaging modalities for small animal imaging (Reprinted, with permission, from 
Reference [98]) 

Techniques Labels Signal 
Measured

Strengths Weaknesses Cost Through-put Sensitivity 
(moles of label 

detected)

Resolution

PET Radiolabeled 
molecules

Positron from 
radionuclides

Highly sensitive Can detect only
 one radionuclide,
requires radioactivity

High Low 10-15 1-2 mm

SPECT Radiolabeled 
molecules

γ -rays Can dist inguish 
between 
radionuclides, so 
more processes 
can be imaged at 
once

requires radioactivity High Low 10-14 1-2 mm

CT None X-rays Fast cross-
sectional images

Poor resolution of 
soft tissues

High Low 10-6 50 µm

MRI Can use 
isotope labeled 
molecular 
tracers

Alterations in 
magnetic fields

Har mless ,  h igh 
resolution of soft 
tissues

Can not follow many 
labels

High Low 10-9-10-6 50 µm

Optical Genetically 
engineered 
proteins and 
bioluminescent 
and fluorescently 
labeled probes

Light, 
particularly in 
the infrared

Easy, non-damag-
i n g  t e c h n i q u e 
readi ly  adapted 
to study specific 
molecular events

Poor depth 
penetration

Low High 10-12 1-2mm

Photo -
acoustic

Probes that 
absorb light 
and create 
sound signals

Sound Better depth 
resolut ion  than 
light

Information 
processing and 
machines still being 
optimized

Low High 10-12 50 µm

Ultrasound Microbubbles, 
which can be 
combined 
with targeted 
contrast agents

Sound Quick, harmless Poor image contrast, 
works poorly in air-
containing organs

Low High 10-8 50 µm
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sired task (Biodegradibility, biocompatibility, 
clearance) 

　The first part of the review briefly describes the 
existing optical and MR probes and provides ratio-
nale for developing multimodal nanoparticles based 
probes. This is followed by the main focus of the 
review on developing multimodal probes and their 
categorization based on their physical construction. 

2. Optical Imaging

　The most distinguishing aspect of optical imaging 
is its non-invasive nature and extremely high sensitiv-
ity. The wavelength dependent interactions of light 
generate contrast in an image by means of various 
mechanisms based on differences in absorption, scat-
tering and fluorescence between sample and back-
ground. In recent years, invivo fluorescence imaging 
has emerged as an important technique for bioimag-
ing due to the extensive research on fluorophores 
that enables non-invasive study of a large number of 
cellular processes. 
　A large variety of flurophores are currently be-
ing used for the imaging of biological systems. The 
criteria for selecting flurophores include solvent 
solubility, high quantum efficiency, absorbance cros-
section (combined with quantum yield to determine 
brightness) and degree of photobleaching and chemi-
cal stability in biological medium. In addition dyes 
should have minimal chemical and phototoxicity to 
cells. Different types of endogenous and exogenous 
fluorophores and their specific properties are dis-
cussed below. 

2.1. Endogenous fluorophores
　Some of the most commonly used endogenous 
fluorophores are Flavins, Lipofuscin, Elastin and col-
lagen. Detailed information about their properties in-
cluding excitation and emission wavelengths is given 
elsewhere1). Green fluorescent protein (GFP) is an-
other example of endogenous flurophore. Due to its 
unique properties, such as high stability, negligible 
toxicity, high quantum yield, and intrinsic fluores-
cence, GFP has become a versatile non-invasive fluo-
rescent marker for a wide range of biological applica-
tions. At low concentrations of GFP its fluorescence 
signal is significantly affected by autofluorescence of 
other endogenous flurophores present in the system 
and consequentially imaging contrast diminishes. 
Various methods for eliminating autofluorescene are 
systematically and critically reviewed by Billinton et 
al1). 

2.2. Exogeneous fluorophores
　Biological structures which do not possess autoflu-
oroscence e.g. DNA and lipids, are generally labeled 
with exogeneous fluorophores. These exogenous 
flurophores based on their specificity and sensitivity 
can be used to image a specific site, a particular cell, 
or an organelle inside a cell. Some examples of ex-
ogenous flurophores are Alexa Fluor dyes, Cyanine 
dyes, Fluoroscien, Rhodamine and Texas red dyes. 
For bioimaging applications organic flurophores are 
used more frequently due to their high quantum ef-
ficiency, high absorptivity, nontoxic behavior and 
availability in wide range of excitation and emission 
wavelengths.  
　The resolution and penetration depth of optical 
imaging, particularly in tissues, is limited by the high 
light scattering, autofluorescence, and high absorp-
tion by most relevant tissue chromophores, deoxy- 
and oxyhemoglobin (HbO2), hemoglobin, myoglobin 
and other heme proteins in the visible region of 
electromagnetic spectrum. Depending on the wave-
length of emission light, different penetration depths 
are achieved. For example UV-VIS spectral range 
photons are strongly absorbed within the first few 
micrometers to a millimeter of tissue thickness while 
near-infrared (NIR) light of 650 to 900 nm achieves 
the highest tissue penetration (up to centimeter 
depth) due to minimal absorbency of the surface 
tissue in this spectral region. In addition autofluo-
rescence effects are minimized when the excitation 
wavelength is in NIR range. Thus in order to elimi-
nate autofluoroscence effects and reduce scattering, 
NIR dyes are currently being used as optical probes 
for bioimaging (table 2). Common problems associ-
ated with NIR dyes are related to their biological, en-
vironmental and photochemical stability. These dyes 
tend to form aggregates in water, often causing self-
quenching of fluorescence. Also, these dyes are more 
prone to photobleaching compared to dyes that have 
their emission spectrum in visible region2).   

2.3. Dye doped silica nanoparticles
　Amorphous silica nanoparticles have been exten-
sively used to encapsulate dyes in order to enhance 
their stability and brightness for in vitro and in vivo 
applications3,4). Silica is an optically transparent mate-
rial and allows emission and excitation light to pass 
through it without any alteration. Silica is water dis-
persible, resistant to microbial attack and practically 
nontoxic at the dose levels required for diagnostic 
and therapeutic purposes5). Silica particles are also 
resistant to swelling which allows their synthesis in a 
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wide selection of solvents without altering the  poros-
ity and minimizing the leaching of dye6). These chem-
ically stable and highly fluorescent optical probes 
improve detection sensitivity and provide enhanced 
contrast when used for bioimaging.
　In addition, for targeted delivery of the nanoparti-
cles several biomolecules such as proteins, peptides, 
antibodies, oligonucleotides can be easily conjugated 
to the surface of silica using silane based chemis-
try3,7,8) (Fig. 1). Both inorganic as well as organic 
dyes can be incorporated in the silica matrix either 
by covalent linkage to the silica (silane precursor), 
which prevents leakage from the matrix or simply by 
encapsulation (physical entrapment). 

2.3.1. Synthesis

2.3.1.1. Sol-gel synthesis of silica nanoparticles
　Sol-gel based method for synthesizing monodis-
perse silica nanoparticles was first developed by 
Stöber9). This method has been widely used for syn-
thesizing spherical, monodisperse and electrostati-
cally stabilized silica particles in the range from tens 
of nanometers to submicron regime. In this method 
hydrolysis and condensation reactions of alkoxysi-
lane compounds [tetraethylortosilicate (TEOS) and 
tetramethylortosilicate (TMOS)] are performed in 
ethanol solution in the presence of water and am-
monia which is used as a catalyst9). Commonly used 
organic flurophores are hydrophobic in nature and 
hence there incorporation in hydrophilic silica matrix 
is achieved by modification of either dye or silica 
itself. For example, fluorescein isothicynate (FITC) 
dye can be chemically modified with an amine con-
taining silane agent (e.g. APTS, aminopropyltriethoxy 
silane) and then this conjugated dye is allowed to hy-
drolyze and condense to form FITC conjugated silica 
particles10). It is shown that using modified Stöber’
s method organic fluorophores can be covalently in-

corporated in to silica matrix by coupling them with 
reactive organosilicates11). 

2.3.1.2.  Microemulsion synthesis of silica 
nanoparticles

　Another approach for synthesizing dye-doped silica 
particles is by using oil-in-water (o/w) or water-in-oil 
(w/o) microemulsions. Particles down to a size of 15 
nm can be synthesized by using this method12). W/o 
microemulsions consist of an oil (continuous phase) 
and water (as surfactant coated nanosize droplets). 
These water droplets serve as nano-reactors and 
their collision, coalescence and de-coalescence 
causes nucleation and growth of silica particles inside 
the confined volume of nanoreactor13-15) (Fig. 1). This 
elegant synthesis approach facilitates the size-tuning 
of silica particles by varying the water to surfactant 
molar ratio and the dynamic properties of the micro-
emulsion system14-16). W/o emulsion mediated sol gel 
synthesis is currently used for the synthesis of or-
ganic as well as inorganic dye-doped silica nanopar-
ticles3,12).
　Dye doped silica nanoparticles are currently being 
used for a range of biological diagnostics and studies 
involving DNA17) antibodies18), and cells19).  Zhao et 
al.20) have developed a bioassay for precise and accu-
rate determination of a single bacteria (Escherichia 
coli) cell using antibody-conjugated fluorescent 
(RuBpy dye doped) silica nanoparticles. Highly fluo-
rescent dye doped silica particles were also used for 
the ultrasensitive detection of gene products down to 
subfemtomolar concentrations17)

2.4. Quantum Dots
　Owing to their small size (in most cases less than 
10nm) and unique tunable optical features, QDs are 
widely being used in place of organic dyes for imag-
ing applications in biological systems. Some of the 
unique features of QDs include- bandgap energy 

Table 2　 Commonly used and commercially available near-infrared dyes, their excitation and emission maxima and their 
extinction coefficient

NIR Dyes Excitation Wavelength (nm) Emission Wavelength (nm) Extinction Coefficient (M-1cm-1)

Cy7 Bis NHS Ester 750 780 200,000

Cy 5.5 675 694 250,000

Cy 5 646 664 250,000

IRDye800RS 770 786 300,000

IRDye800DX 680 687 210,000

IRDye800CW 778 794 300,000

Alexa Fluor APC Conjugate 650 775 165,000-230,000

Indocyanine Green 780 810 100,000
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dependence on size, broad excitation spectra, narrow 
emission spectra, high quantum yield, large separa-
tion between excitation spectra and emission spectra 
and high photostability. The broad excitation spectra 
permit use of a single excitation source to excite QDs 
of different colors while narrow emission spectra re-
duce overlap of emission and excitation spectra. The 
large Stoke’s shift enables the collection of whole 
spectra by detector and therefore improves sensitiv-
ity of detection.

2.4.1. Synthesis 
　Initially top down lithographic techniques were 
employed for the synthesis of QDs e.g. first QDs 
were fabricated from GaAs/AlGaAs quantum well 
structures by using deep etching technique. How-
ever, even currently available lithographic techniques 
require significant improvement in producing fea-
ture sizes for routinely fabrication of QDs. With the 
feature size limitation on lithographic approaches 
another technique based on colloidal methods came 
in to existence in early 1980s when Henglin21) and 
Rossetti22) synthesized CdS QDs by mixing cadmium 

and sulfide salts in an aqueous buffer. 
　For the synthesis of highly crystalline and mono-
disperse organometallic QDs a simple method was 
introduced by Murray et al23). This method is based 
on producing temporally discrete homogenous nucle-
ation by rapid injection of organometallic reagents 
into a hot coordinating solvent. Organometallic CdSe 
QDs of size ranging from 1.1-11.5 nm were produced 
by this method. After achieving nucleation final size 
of QDs was controlled by changing the growth tem-
perature23,24). Photo-oxidation of QDs is generally 
prevented by capping them with a protective coating 
which minimizes the interaction with environmen-
tal oxygen and limits photobleaching. In general, 
the shell should be a wide band gap material and 
structurally similar to the core (QD) material. For ex-
ample encapsulation of CdSe (QD) core by ZnS shell 
(ZnS has larger bandgap energy compared to CdSe) 
reduces the photochemical bleaching and drastically 
increases its quantum yield25).
　The well studied and most commonly used CdS 
QDs were synthesized using a novel one step solid 
state reaction between CdCl2.2.5H2O and Na2S.9H2O 

[テキストを入力] 
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Fig. 1　 (i) Schematic representation of microemulsion process commonly used for the synthesis of silica nanoparticles3. 
(ii) surface functionalization methods for silica nanoparticles4) (iii) TEM images of monodisperse dye doped silica 
nanoparticles149) (iv) Typical fluorescence spectra for dye doped silica nanoparticles150). （Reprinted, with permis-
sion, from Reference 〔3, 4, 149, 150〕）
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by Wang et al26). The average size of the particles 
formed was 5 nm. It was hypothesized that nonionic 
surfactant, C18EO10, used in this synthesis forms a 
shell surrounding the CdS particles which helped in 
preventing aggregation by steric hindrance and by 
absorbing heat of the reaction during grinding pro-
cess.
　In another approach using reverse micelle tech-
nique CdS QDs were synthesized by mixing two 
w/o emulsions viz. Cd(ClO4)2 in water/Heptane/
AOT(surfactant) and Na2S in water/Heptane/AOT 
(surfactant)27). In this work water to surfactant ratio 
was kept constant ([H2O]/[AOT]=6) and CdS par-
ticles of mean size 6 nm were synthesized. However, 
the size of QDs can easily be controlled by changing 
the amount of water in the emulsion e.g. particles 
of the size 1 nm were obtained when water to sur-
factant ratio of 1 was used and the particle size was 
increased to 5 nm when water to surfactant ratio was 
changed to 1028).  
　QDs synthesized using organometallic reagents 
described above are hydrophobic due to surface 
capping with coordinating surfactants. In order to 
use QDs for biological applications it is necessary 
to make them polar or water dispersible. Several 
coating methods have been developed for efficiently 
dispersing these particles in water such as by en-
capsulation in phospholipid micelles29), derivatiza-
tion of surface using mercaptoacetic acid30), ligand 
exchange, adsorption of amphiphilic molecules/
polymers or coating them with silica31). The hydro-
philic coating process can be selected to introduce  
organic functional groups such as COOH and NH2 
for conjugation to biorecognition molecules such as 
proteins, oligonucleotides, antibodies, peptides etc24). 
Due to the success of hydrophilic surface treatment 
and conjugation to biorecognition molecules, QDs 
were readily adopted for bioimaging applications. 
Some of the main application areas include nucleic 
acid detection32-35), immunoassays36-38), cell tracking, 
tumor targeting and fluorescence resonance energy 
transfer (FRET) sensing39-42). However, toxicity of 
QDs remains a concern for invivo applications43,44).

3. Magnetic Resonance Imaging (MRI)

　MRI, primarily used for clinical imaging, is a non-
invasive imaging method which provides informa-
tion about physiological and pathological alteration 
of living tissues inside the body. MRI uses nuclear 
magnetic resonance (NMR) signals, generated by 
hydrogen nuclei located in dif ferent physiological 

environments, to generate contrast in tissue imaging. 
When a specimen consisting of hydrogen nuclei is 
placed in an external homogeneous magnetic field, 
their magnetic moment vectors align themselves 
either parallel or antiparallel to the direction of mag-
netic field. Upon application of radio frequency (RF) 
pulse at the appropriate resonant frequency the net 
magnetization of hydrogen nuclei changes. When 
the RF pulse stops and the nuclei spins relax back to 
their equilibrium state, electromagnetic signals are 
produced (Fig. 2). These signals depend on time 
required for a paramagnetic substance to become 
magnetic (T1, longitudinal relaxation time) and on 
how long these nuclei remain precess (rotating) in 
phase following the RF pulse (T2, transverse relax-
ation time). In other words T1 represents dissipation 
of energy from excited state to surrounding lattice 
and T2 represents the loss of phase coherence of the 
precessing nulei spins. T2* is also an important pa-
rameter, which is same as T2, but also contains local 
heterogeneities in the magnetic field. These signals 
are used to construct three dimension images of the 
body. Areas with faster T1 relaxation appear brighter 
in T1 weighted MRI, while area with faster T2 relax-
ation looks darker in T2 weighted MRI. The inverse 
of relaxation time is referred to as relaxation rate.
　Contrast agents (CA) are frequently employed 
in clinical MRI to improve the sensitivity and/or 
specificity of the process and provide much more ac-
curate diagnosis in many applications such as cancer 
detection, inflammation and angiography. The abil-
ity of a CA to generate contrast is characterized by 
its “relaxivity” value, which is defined as the ratio of 
change in the relaxation rate (of water protons) to the 
concentration of CA. The CAs accumulate in targeted 
region (by conjugating to antibodies or peptides), 
and manipulate relaxation times (T1 and T2) so that 
these subregions appear darker or brighter. On the 
basis of their magnetic properties contrast agents can 
broadly be classified as paramagnetic CA and super-
paramagnetic CA.   

3.1. Paramagnetic CA
　Paramagnetic materials possess magnetic dipole 
moment even in the absence of external magnetic 
field but due to their random orientation the net 
magnetic moment remains zero. In presence of 
external magnetic field these materials have posi-
tive magnetic susceptibility and can be used as MRI 
contrast agents. Gadolinium (Gd) chelates are the 
most commonly used paramagnetic CA in MRI. Gd 
CA shorten T1 more compared to T2, improve signal 
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in T1 weighted images and generate bright contrast. 
For this reason Gd CA are sometime referred to as 
positive CA. Since Gd is highly toxic in its ionic form 
and causes disruption of Ca2+-required signaling, it 
is used in a complexed form with different kinds of 
ligands. These ligands not only form thermodynami-
cally and kinetically stable chelates but also increase 
the relaxation rates of the protons. Commonly used 
chelating ligands for contrast enhancement include 
derivatives of polyaminocarboxylic acids such as 
DTPA (diethylenetriamineentaacetic acid), macrocy-
clic Gd chelates such as DOTA (1,4,7,10-tetraazacy-
clododecane-1,4,7,10-tetraacetic acid).  
　Paramagnetic CA increase the relaxation rate 
through interactions between the electron spins of 
the paramagnetic center and the proton nuclei. These 
CAs influences both outer coordination sphere (long 
range interactions) and inner coordination sphere 
protons relaxivity (short range interactions). For the 
CA of same size and composition the outer sphere 
interaction does not vary significantly. However, the 
effect on protons relaxivity related to inner coordina-

tion sphere is substantially high. Hence the relaxivity 
of paramagnetic agents is generally enhanced by tun-
ing the various parameters, such as rotational corre-
lation time Tr (tumbling time of CA in water), water 
proton residence time TM (exchange rate of single 
inner coordinated water molecule with the bulk wa-
ter) and electron spin relaxation time Te, related to 
inner sphere interaction45). 
　Relaxivity of the protons associated with inner 
sphere can be increased by increasing the tumbling 
time of CA which can be achieved by increasing 
the effective size of the CA either by using polymer 
or dendrimer scaffold46-53) or by conjugating them 
with slowly tumbling macromolecules54). Relaxivity 
can also be increased by decreasing the TM which 
depends on the coordination number, charge and 
geometry of the paramagnetic CA. For increasing 
the relaxation rate of Gd, complexes bearing hydro-
phobic moities were designed and with the aid of the 
hydrophobic groups, human serum albumin (HSA) 
proteins were conjugated to Gd. In presence of HSA 
higher relaxation rates were achieved55). In another 

Fig. 2　 Illustration of the magnetic resonance (MR) principle and the role of magnetic nanoparticles as a contrast 
agent: (a) net magnetic spins (m) of water protons precess with a Larmor frequency (ω0); (b) upon applica-
tion of a RF pulse, m begins precessing perpendicular to B0; (c) m relaxes back to its original equilibrium 
states through longitudinal (T1, mz) and transverse in-planar (T2, mxy) modes; (d) for in-planar (T2) relax-
ation mode without magnetic nanoparticle, water protons have a relatively slow relaxation time with a weak 
MR contrast effect; (e) in the presence of magnetic nanoparticles, protons inside the local dipolar field per-
turbation area around the nanoparticle relax faster with a strong MRI signal, which produces strong MR con-
trast effects. （Reprinted, with permission, from Reference 〔151〕）, Copyright American Chemical Society.[テキストを入力] 
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studies Polyamidoamine (PAMAM) based den-
drimers of different generations were used to form 
multiple Gd labeled PAMAM chelates56).

3.2.  Superparamagnetic contrast agents: iron 
oxide nanoparticles

　Superparamagnetic iron oxide nanoparticles (SPI-
ON) are the only clinically used nanoparticles based 
CA for MRI. Owing to their small size (5-20 nm) 
these particles can be considered as fully magnetized 
magnetic monodomain and exhibit superparamag-
netic properties. SPIONs are characterized based on 
their hydrodynamic diameter. Oral-SPIO has size in 
the range from 300 nm to 3500 nm. Standard SPIO 
(SSPIO) have size between 60-150 nm, Ultrasmall-
SPIO (USPIO) are in the range from 5-40 nm and 
monocrystalline iron-oxide nanoparticles (MION) 
which is a subset of USPIO has size from 10 -30 nm. 
The core of SPION particles is composed of ferrites 
(magnetite Fe3O4 and/or maghemite γ-Fe2O3). 
Magnetite (Fe3O4) and maghemite (γ-Fe2O3) both 
are being used as CA for MRI however magnetite is 
preferred due to its superior magnetic properties. 
For biological applications iron oxide nanoparticles 
should have homogeneous composition and narrow 
particle size distribution. The most common method 
for synthesizing these nanoparticles is by the co-
precipitation of iron salts with a base in an oxygen 
free environment. Large amount of particles can be 
synthesized using this method however; control on 
particle size remains a concern with this method. 
Monodisperse and homogenous iron oxide nanopar-
ticles have been synthesized using various methods 
and are reviewed in details elsewhere57).
　Particles synthesized by above methods are hydro-
phobic in nature and thus unsuitable for applications 
in aqueous biological environments. Several hydro-
philic coatings encompassing organic and inorganic 
materials have been used to render these particles 
water soluble (Table 3). For biological applications 
polymer coatings are preferred as they not only pro-
vide the steric stabilization to the particles but also 
offer additional functional groups for further biocon-
jugations.

4. Multimodal Magnetofluorescent Particles

　The desirable physical and chemical proper-
ties of contrast agents needed for bimodal optical 
and magnetic imaging can be combined in a single 
nanoparticle. In the following section three different 
types of commonly used magnetic and fluorescent 

(magnetofluorescent) particles and various synthesis 
approaches used for their integration in to a single 
nanoconstructs are described.

4.1. Luminescent core -magnetic shell
　Multimodal magnetic and fluorescent particles 
have been synthesized by first synthesizing a fluores-
cent core and then attaching a magnetic component 
on its surface. The fluorescent core consist of either 
dye doped silica or semiconducting QDs. The mag-
netic shell was constructed by attaching either Gd or 
iron oxide nanoparticles on the surface of core par-
ticles. 

4.1.1.  Dye doped silica particles coated with 
magnetic shell

　In this construct first a fluorescent dye doped 
silica particle is synthesized and then it is coated 
with either paramagnetic chelated Gd shell or iron 
oxide nanoparticles to make it MR active. Santra et 
al58) have reported the synthesis of monodisperse (～
100nm) Rubpy dye doped silica nanoparticles coated 
with Gd-TSPETE silane. These particles were syn-
thesized in AOT/heptane/water microemulsion. The 
MR and optical contrast generating ability of these 
nanoparticles was demonstrated in phantom and in 
in vitro experiments. The high relaxivity values of 
the Gd chelated silica nanoparticles as compared 
to the Gd-chelates was explained on the basis of (a) 
decrease in the tumbling rate of silica nanoparticles 
and (b) high Gd loading per nanoparticle. Santra et. 
al. have shown presence of nearly 16,000 Gd atoms 
per nanoparticle58.  Additionally the presence of Gd 
on the surface of nanoparticles also permits a rapid 
water exchange of the inner coordination sphere wa-
ter with the bulk. The Gd chelation to ligands on the 
surface of smaller (40nm) silica nanoparticles was 
improved by using higher coordinating ligands e.g. 
mono (Gd DTTA) and bis (Gd DTPA) silylated gado-
linium chelates59).
　Lee et al60) have developed 30 nm “core-satellite” 
particles by attaching 9 nm water soluble iron oxide 
(WSIO) nanoparticles on the surface of rhodamine 
dye doped silica par ticles (Fig. 3). Maleimide 
groups, incorporated on the surface of silica, were re-
acted with thiol groups of WSIO particles using well 
known sulfo maleimide chemistry. The hybrid silica-
WSIO particles were ～45nm in size with an average 
of 10 WSIO particles per silica particle. Synergistic 
magnetism of multiple WSIO satellites surround-
ing the silica particles caused 3.4 fold increase in T2 
relaxivity. Furthermore, it was reported that the fluo-
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rescence intensity of these particles increased by 1.7 
times due to the core-satellite structure. 
　Fe3O4 nanoparticles have been assembled on dye-
doped mesoporous silica nanoparticles (MSNs) as 
multifunctional nanoparticles for bimodal imaging 
and drug delivery. MR contrast was significantly 
enhanced due to the synergistic magnetism of iron 
oxide nanoparticle assembly61)61). For the synthesis 
of these particles 3-aminopropyl triethoxy silane 
(APTS) modified dye (Rhodamine isothiocyanate or 
Fluorescein isothiocyanate) was co-condensed dur-
ing the synthesis of mesoporous silica nanoparticles 

using Cetyl trimethylammonium bromide templates. 
The surface of MSN was functionalized with amine 
groups by refluxing with APTS in ethanol. 2-bromo-
2-methylpropionic acid (BMPA) functionalized Fe3O4 
nanoparticles were coated on amine-functionalized 
MSN by direct nucleophilic substitution between the 
terminal bromine groups of BMPA and the amine 
groups of MSN. 

4.1.2. Quantum dots coated with magnetic shell
　Mulder et al.62) have reported the first example 
of paramagnetic quantum dots (pQDs) that can be 

Table 3　 Commonly used molecules for the surface functionalization of iron oxide nanoparticles for biological 
applications

Organic Materials

Type Example References

Surfactant / Small Molecules
(Citric, Gluconic, carboxylic, phosphonic) Acids 66,99,100

Polyethylene glycol nonylphenyl ether 101
silanes 102-104

Polymers

Dextran 105-109
Starch 110
Gelatin 111

Chitosan 112,113
Polyethyleneglycol 104,114-121

Polyvinylalcohol 122-125

Biological Molecules

Aptamers 126,127
Peptides 76-78,81,128,129
Proteins 74,106,130-132

Antibodies 133-136
Inorganic Materials

Metal Oxides Titanium, Zirconium, Aluminum 137-139

Precious Metals Gold 140-144

Ceramic Silica 93,145-148

[テキストを入力] 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3: (i) a) Schematic diagram for the synthesis of core-satellite DySiO2-(Fe3O4)n 

nanoparticles. b-d) TEM images of b) rhodamine-doped silica (DySiO2), c) iron oxide 

(Fe3O4), and d) core-satellite DySiO2-(Fe3O4)n nanoparticles. (ii) Schematic 

representation of quantum dots coated with paramagnetic lipids. (Adapted from 

references60,62) ) 
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Fig. 3　 (i) a) Schematic diagram for the synthesis of core-satellite DySiO2-(Fe3O4)n nanoparticles. b-d) TEM 
images of b) rhodamine-doped silica (DySiO2), c) iron oxide (Fe3O4), and d) core-satellite DySiO2-
(Fe3O4)n nanoparticles. (ii) Schematic representation of quantum dots coated with paramagnetic lip-
ids.（Reprinted, with permission, from Reference 〔60, 62〕）, Copyright American Chemical Society.
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utilized for MR and optical imaging. These high qual-
ity CdSe/ZnS core/shell pQDs were synthesized 
by hot solvent method and coated with PEGylated 
phospholipids and paramagnetic lipids to make them 
water dispersible. PEG chains forms a hydrophilic 
coating at the surface and enhances the half life time 
significantly for invivo applications. The Qdots were 
bioconjugated to cyclic RGD peptides for targeting 
angeogenic blood vessel and tumors overexpress-
ing αvβ3 integrin (Fig. 3). In another report these 
pQDs upon conjugation with annexin A5 were used 
for the detection of apoptosis by targeting phosphati-
dylserine (PS) in T lymphoma cell lines. PS translo-
cates from the inner to the outer leaflet of the cellular 
membrane in dying cells for triggering phagocyto-
sis63). 
　Annexin A5 functionalized quantum dots with im-
proved MR sensitivity were reported by Prinzen et 
al.64). MR sensitivity of these particles was enhanced 
by increasing the number of Gd per particle using 
a lysine based biotinylated construct (AnxA5-Qd-
Gd-wedge) designed to incorporate up to eight Gd-
DTPA complexes. This wedge shaped construct was 
attached to the streptavidin coated QDs by utilizing 
biotin-avidin affinity. The MR activity ( r1) of AnxA5-
Qd-Gd-wedge particles was increased significantly 
compared to that of streptavidin coated QDs coupled 
to unmodified biotinylated AnxA5 (AnxA5-Qd-Gd). 
The higher MRI signal intensity (T1-weighted imag-
ing) of AnxA5-Qd-Gd-wedge particles was further 
demonstrated in cultured Jurkat cells and human 
whole-blood clot system. The optical imaging capa-
bilities of AnxA5-Qd-Gd-wedge particles were tested 
to discriminate between living and dying Jurkat cells 
and for the visualization of labeled human blood clots 
using two-photon laser scanning microscopy. The 
feasibility of these nanoparticles as a target-specific 
bimodal imaging probe for cell death in the vascular 
wall was demonstrated ex vivo by MR and fluores-
cence imaging of injured murine carotid artery. 
　In another approach using microemulsions Yang 
and coworkers65) have repor ted synthesis of Gd 
doped CdS:Mn/ZnS/SiO2 QDs (size ～20nm).  The 
CdS:Mn/ZnS QDs (～3nm) were first coated with a 
4-7 nm thick layer of silica and then were conjugated 
to Gd using a metal chelating carboxyl silane cou-
pling agent (n-(trimethoxysilylpropyl)ethyldiamine 
triacetic acid trisodium salt, TSPETE). The presence 
of Gd at the outer surface of the particles resulted in 
the significantly higher relaxivity values when com-
pared with commercially available contrast agents 
(Omniscan and Prohance).

4.2. Magnetic core luminescent shell
　This class of particles consists of a magnetic core 
that is modified with a fluorescent moiety. Direct con-
jugation of a fluorophore with a magnetic core results 
in the quenching of its fluorescence. Based on the 
various strategies used by researchers to overcome 
this problem, this section is divided into following 
subsections:  

4.2.1.  Fluorophore labeling of magnetic parti-
cles using molecular spacers

　Using a suf ficiently long molecular linker be-
tween magnetic core and fluorophore minimizes 
the quenching effect. The simplest strategy adopted 
for this purpose was to use the functional groups 
of stabilizing agents already present on iron oxide 
nanoparticle surface. Sahoo et al.66) have used car-
boxylic acid groups of citrate stabilized magnetic 
nanoparticles for their conjugation with rhodamine 
110 using EDC coupling. In another approach large 
excess of 2,3-dimercaptosuccinic acid (DMSA) was 
used to make Fe3O4 nanoparticles water dispersible 
during there phase transfer from toluene to DMSO67). 
Thiol groups available on DMSA were used to attach 
FITC labeled Herceptin as the targeting antibody for 
in vitro and ex vivo optical detection and in vivo MRI 
for HER2/neu receptor overexpressed from breast 
cancer cells68). In an attempt to make magnetofluo-
rescent particles that could potentially be used for 
photodynamic therapy, Gu et al have conjugated por-
phyrin derivative with Fe3O4 nanoparticles. Porphyrin 
is traditionally used for photodynamic therapy and 
has fluorescence in the visible range. Catechol chem-
istry was used for linkage of porphyrin with magnetic 
particles to avoid quenching of its fluorescence69). In 
another study a negatively charged carboxylic acid 
containing porphyrin was electrostatically attached to 
amine containing polyhedral silsesquioxane coated 
Fe3O4 nanoparticles70).    

4.2.2.  Fluorescently iabeled polymer coated 
magnetic particles

　Iron oxide nanoparticles are coated with various 
polymeric moieties such as dextran, PEG, poly-
electrolytes to render them water dispersible and 
available for various bioconjugations.  Dextran (a 
branched polysaccharide) has been used widely to 
coat iron oxide nanoparticles for biological applica-
tions. Dextran forms hydrogen bonds with iron oxide 
surface and is susceptible for detachment. To solve 
this problem Weissleder and coworkers cross-linked 
the dextran on the surface of magnetic nanoparticles 
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by using epichlorohydrin to form cross-linked iron 
oxide (CLIO) nanoparticle71,72). These particles were 
reacted with ammonia to yield amine groups on the 
surface for their further chemical modifications. 
CLIO nanoparticles were conjugated with various 
organic fluorescent dyes such as FITC, Cy3.5, Cy5.5, 
and Alexa-488 to yield contrast agent for both MR 
and optical imaging. Josephson et al.71) have reacted 
CLIO particles with N-succinimidyl 3-(2-pyridyldi-
thio)propionate (SPDP) in phosphate buffer to yield 
pyridyldisulphide group on the par ticle sur face. 
These groups were reacted with FITC labeled mem-
brane translocating signal peptide (HIV-Tat) through 
a disulfide exchange reaction. These HIV-Tat modi-
fied particles were internalized into lymphocytes over 
100-fold more efficiently than unmodified particles. 
Similar particles were radiolabeled with 111In by re-
acting the dextran coating with DTPA bisanhydride. 
CLIO-Tat particles showed high uptake efficiency 
into hematopoietic and neural progenitor cells as ver-
ified by flow cytometry and nuclear accumulation73). 
Further it was shown that upon intravenous injection 
of CLIO-Tat labeled CD34+ cells into immunodeficient 
mice, 4% of CD34+ cells homed to bone marrow per 
gram of tissue. The author suggested that localiza-
tion and retrieval of cell populations in vivo could en-
able detailed analysis of specific stem cell and organ 
interactions, critical for the advancement of stem cell-
based therapies.
　Bioconjugation of fluorescent CLIO nanoparticles 
has been carried out extensively to synthesize tar-
geted probes towards phosphatidylserine74,75), vascu-
lar adhesion molecule-1 (VCAM-1)76), mucin-177), α
vβ3 integrins78) and lymphocytes71). Some other ap-
plications of fluorescent CLIO nanoparticles include 
monitoring in changes in tumor volume caused by 
treatment with a chemotherapeutic agent79) and de-
sign of smart probes whose position can be located 
by MR imaging while their luminescence can be acti-
vated through cleavage of dye molecule by a specific 
enzyme80).    
　For targeting most common and lethal brain tu-
mor cells, gliomas, a magnetofluorescent probe was 
developed by Veiseh et al81). This probe was synthe-
sized by coating Fe3O4 nanoparticles with amine ter-
minated PEG silane polymer. The amine groups on 
the surface of iron oxide particles were used to cova-
lently bind a NIR dye (Cy 5.5) for optical imaging and 
sulfhydryl-modified chlorotoxin for specific targeting 
of 9 L gliomas cells. The preferential uptake of these 
multimodal probes was demonstrated invitro by both 
MR and optical imaging.  

　Magnetic and luminescent nanocomposites were 
also synthesized by multilayer deposition of CdTe 
QDs and polyelectrolytes on Fe3O4 nanoparticles. 
Two oppositely charged polyelectrolytes polyallyl-
amine hydrochloride (positively charged) and poly 
sodium styrene sulfonate (negatively charged) were 
deposited alternatively on the surface of iron oxide 
nanoparticles until the desired thickness of poly-
mer coating was obtained. The outermost positively 
charged polyelectrolyte layer was then coated with 
negatively charged CdTe QDs to incorporate the OI 
modality in the nanoconstruct. By using this con-
struct it was demonstrated that photoluminescence 
intensity of the construct increases with the increase 
in number of polyelectrolytes layers and remained 
constant after 21 layers of polyelectrolytes82). 
　Polymer coated γ-Fe2O3 superparamagnetic 
nanoparticles were coated with dimercapto-succin-
imid acid (DMSA) to stabilize and functionalize the 
ferrofluid with both SH and carboxyl acid groups 
in the ratio 3:20. Trioctylphosphine oxide (TOPO) 
capped CdSe/ZnS QDs were coupled to magnetic 
particles using thiol chemistry in 10:5:1 mixture of 
chloroform/methanol/water. The resulting particles 
had approximately 3 times lower quantum yield com-
pared to the bare quantum dots in chloroform. This 
relatively lower quantum yield was attributed to the 
quenching ef fect from magnetic core and closely 
packed structure of quantum dots. These water dis-
persible nanocomposites were functionalized with an-
ticyclone E using EDC coupling for the detection and 
separation of breast cancer specific marker cycline E 
expressing cells in serum83).

4.2.3.  Fluorescently labeled lipid coated mag-
netic particles

　Biocompatible amphiphilic lipid molecules have 
been used for the stabilization and further conjuga-
tion of nanoparticles. Becker et al.84) have synthe-
sized oleate lipid bilayer coated Fe3O4 nanoparticles. 
These particles were further functionalized with 
biotin in order to attach streptavidin-FITC conjugate. 
It was shown invitro that these nanoparticles local-
ized in the lysosomal compartment of the HeLa cells 
through a receptor-mediated uptake mechanism. Van 
Tilborg et al.63) have used Annexin A5 functionalized 
lipid-coated Fe3O4 nanoparticles for the detection of 
apoptosis in Jurkat cells. 
　Nitin et al.85) have synthesized PEG-modified phos-
pholipid micelle coated superparamagnetic iron oxide 
nanoparticles (mMIONs) for intracellular molecular 
probes for MRI based deep tissue imaging. Iron 
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oxide nanoparticles were synthesized with reverse 
micelle technique to achieve efficient control on the 
size of nanoparticles. These monodispersed particles 
were coated with PEG-phospholipid micelles to ren-
der them water dispersible and biocompatible. The 
amine groups available on the surface of micelles 
were used for attaching Texas Red dye molecules for 
OI and FTAT peptide for targeting. 

4.2.4.  Fluorescent inorganic shell coated mag-
netic particles 

　Fluorescent dyes exposed to harsh biological 
environment suffer from photobleaching. This prob-
lem was solved by the incorporation of these dye 
molecules into an optically transparent biocompat-
ible matrix of silica. Silica provides a mechanically 
and chemically stable, biocompatible, and optically 
transparent coating that can be used for further func-
tionalization of particles using well developed silica 
chemistry.
　Lu et al.86) have described the synthesis of fluo-
rescent silica coated superparamagnetic iron oxide 
nanoparticles. Commercially available ferrofluid 
(EMG 304, size 5-15 nm) and magnetite particles 
synthesized using wet chemical method were coated 
with silica utilizing base catalyzed hydrolysis and con-
densation of TEOS. The thickness of silica coating 
was controlled in the range from 2-100 nm by varying 
the concentration of TEOS used in the reaction. In ad-
dition fluorescent dyes such as 7-(dimethylamino)-4-
methylcoumarin-3-isothiocyanate and tetramethylrho-
daine-5-isothiocyanate were covalently incorporated 
in the silica shell. These nanocomposites form chain 
like structures in presence of an external magnetic 
field as demonstrated by fluorescence microscopy. In 
another approach Lin et al.87) have synthesized tum-
bler like magnetofluorescent particles for cell track-
ing and drug delivery applications. These multifunc-
tional particles were synthesized by adding organic 
dye and silica coated Fe3O4 nanoparticles during the 
synthesis of mesoporous silica nanoparticles.  
　The application of magnetic core and fluorescent 
shell particles for targeted diagnostics and therapy 
was demonstrated by Levy et al.88). Fe2O3 particles 
were coated with a thin layer of silica using sodium 
silicate. A two photon dye (1-Methyl-4-(E)-2-. ethenyl)
pyridinium iodide or ASPI) that absorbs two photons 
at 800 nm and emits a photon at 580 nm was encap-
sulated inside the silica shell. The surface of these 
nanocomposites was functionalized with a luteinizing-
hormone-releasing-hormone (LH-RH) for specific 
targeting and selective lysing of KB cells in a dc mag-

netic field. 
　Kim et al.89) have synthesized magnetofluorescent 
Co/CdSe core shell nanoparticles by controlled de-
position of CdSe shell onto preformed cobolt core. 
Cobolt nanoparticles were synthesized by thermal 
decomposition of octacarbonyldicobalt in solution 
in the presence of coordinating ligand trioctylphos-
phane oxide (TOPO). The low quantum yield (2-3%) 
of similar type of core shell (Fe3O4-CdSe) nanoparti-
cles was improved to 10-15% by the deposition of ZnS 
shell on CdSe. The increase in quantum yield was 
attributed to decrease in the number of defects in the 
CdSe shell. 
　Gu et al.69) have described a one pot synthesis of 
sub 10 nm CdS-FePt hetrodimer nanoparticle that 
has both fluorescent and superparamagnetic proper-
ties. Similar construct (CdSe-Fe3O4) was synthesized 
by Gao et al.90) for intracellular manipulation of mag-
netofluorescent Fe3O4－CdSe nanoparticles using 
magnetic force generated by a small magnet. Several 
other groups have synthesized similar hetrodimer 
nanoparticles that could potentially be used for bio-
imaging applications 91,92).     

4.3.  Magnetic probes embedded inside organic/
inorganic matrix

4.3.1. Iron oxide inside silica matrix 
　Yi et al.93) have encapsulated both Fe2O3 nanopar-
ticles and QDs inside a silica matrix using reverse 
micelles of Igepal CO-520/cyclohexane/water micro-
emulsion. It was observed that co-encapsulation of 
these particles in silica matrix resulted in decrease of 
quantum yield from 11.4% to 1.1% for CdSe QDs and 
from 14.5% to 4.8% for ZnS-capped CdSe QDs. Fur-
ther, SiO2 coated Fe2O3 particles showed higher mag-
netization compared to the particles in which Fe2O3 
and QDs were co-encapsulated.
　Magnetic mesoporous silica nanoparticles cova-
lently bonded with near-infrared (NIR) luminescent 
lanthanide complexes were synthesized by a two step 
method. Firstly, Fe3O4 nanoparticles were embedded 
in the mesoporous silica nanoparticles during their 
synthesis by surfactant templated method. Secondly, 
lanthanide complexes were introduced into the nano-
composites via a ligand exchange reaction94).

4.3.2. Gadolinium inside silica matrix
　Accessibility of the paramagnetic center to water 
molecules is an important parameter for the design 
of highly efficient nanoparticulate based MR contrast 
agents59). Mesoporous silica nanoparticles provide 
an ideal platform for the development of MR en-
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hancing contrast agents due to their highly porous 
structure. Reiter and coworkers have incorporated 
a large payload of Gd chelates in mesoporous silica 
nanoparticles for the synthesis of highly ef ficient 
MR contrast agent (MSN-Gd particles). Mesoporous 
silica nanoparticles were coated with a mixture of 
rhodamine B-aminopropyl-triethoxysilane and Gd-Si-
DTTA complex by refluxing the particles in toluene. 
The relaxivity values obtained for MSN-Gd are much 
larger than that of solid silica nanoparticles that are 
coated with multilayers of the Gd-DTPA derivative. 
The enhanced MR relaxivity of MNS-Gd was attrib-
uted to the ready access of water molecules through 
the nanochannels of the MSN?Gd particles95). Using 
similar approach Gd incorporated mesoporous silica 
nanorods were developed for use as both T1 and T2 
contrast agent96).  
　Hsiao et al.97) have synthesized FITC and Gd in-
corporated fluorescent (Gd-Dye@MSN) T1 contrast 
agent for human stem cell tracking applications. 
Gd based contrast agents produce bright positive 
contrast that is desirable for distinguishing cells in 
tissues that have low intrinsic MR signal. These par-
ticles were synthesized by co-condensing a chelating 
ligand N-1-(3-trimethoxysilylpropyl)-N-2-(DTPA) 
phenyl thiourea (DTPA-ph-NCS-APTMS) and N-1-(3-
trimethoxysilylpropyl)-N-fluoresceyl thiourea (FITC-
APTS) with TEOS during the synthesis of mesopo-
rous silica nanoparticles using CTAB as structure 
guiding templates. These particles were stirred in 
a methanolic solution of gadolinium chloride hexa-
hydrate in order to load Gd3+ at the chelating sites. 
Invitro cellular uptake studies were performed with 
Gd-Dye@MSN particles using flow cytometry and 
MRI. Further, Gd-Dye@MSN labeled hMSCs cells 
implanted into the basal ganglions of nude mice were 
visualized using MR imaging. 

5. Concluding Remarks

　Multimodal nanoparticles can provide far more 
comprehensive and complementar y information 
ranging from tissue structure to biological processes 
at molecular levels. Although multimodal nanopar-
ticles for simultaneous MR and OI are still at an early 
stage of development, they offer multiple advantages 
for clinical diagnostics. In vivo optical imaging using 
NIR probes is a latest trend in small animal imag-
ing for monitoring the progression of disease and 
therapy. The recent development of new NIR optical 
probes with high quantum yield and high photosta-
bility are expected to significantly enhance imaging 

sensitivity. Incorporation of therapeutic moieties 
within multimodal nanoparticles can be employed 
for image guided therapies. The ultimate goal is to 
develop nanoparticles for early stage diagnostics and 
treatment of diseases. Ability to monitor changes in 
organ/tissue in response to therapy will eventually 
enable selection of optimum strategy with minimal 
side effects, reduced patient discomfort and better 
prognosis. However, our limited knowledge on the 
targeted delivery and long term biocompatibility of 
these particles still remain a challenge that needs to 
be addressed. 
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Abstract

　Particulates of 1 to 100 nanometers size are being increasingly used for a variety of clinical 
and commercial purposes due to their large surface-to-volume ratio and unique physico-chemical, 
mechanical and electronic properties. While utilizing them for their beneficial functions, it has 
become vital to heed recent alerts on their toxic biological effects in order that benign systems might 
be developed. In this paper we review emerging mechanisms of nanotoxicity and possible means for 
remediation. Challenges in monitoring, characterizing and remediation of nanoparticles are also 
presented.

Keywords:  nanoparticles, bacteria, nano-bio interface, nanotoxicity, particle characterization

Nanoparticles: Characteristics, Mechanisms and  
Modulation of Biotoxicity†

P.Somasundaran*, X. Fang, S. Ponnurangam and B. Li
Langmuir Center for Colloids and Interfaces,

Columbia University1

Introduction

　A revolution in materials technology that is chang-
ing the way we live is shadowed by a toxic storm 
rising on the horizon.  Indeed the use of nanopar-
ticles in industrial, health and personal care areas 
is increasing exponentially owing to their special 
and often novel mechanical, electronic and chemical 
properties. Examples include fluorescent quantum 
dots as markers in biological imaging, gold and car-
bon nanoparticles as controlled drug and nutrient 
delivery vehicles in medicine and agriculture, metal 
nanoparticles as fuel cell components, oxide particles 
as UV filters in cosmetic and personal care products 
and pigments and lubricants in commodities. Fur-
thermore, inorganic functionalized nanoparticles are 
used to produce UV resistant and flame retardant 
plastics for automotive and aviation industries and 
metallic ones are used as viscosity modifiers for lu-
bricants and controlling the dielectric properties of 
electronic coatings. 
　Alarmingly, metal oxide and magnetic nanopar-
ticles are increasingly used without adequate knowl-
edge and precaution in areas such as cosmetics to 

produce brighter pigmentation and UV protection 
and in medicine for chemotherapy as well as NMR 
contrast enhancers.  While developing new consumer 
applications of nanosized materials, potential long-
term adverse effects on living species must be consid-
ered.  Also, as the safety of nanomaterials marketed 
during past decades does not appear to be adequately 
addressed, methods are needed to determine the 
cytotoxicological safety of current and future nano-
materials under different scenarios, particularly since 
cell cytoskeletons and genetic material have been 
definitely shown to be damaged in the presence of 
nanoparticles1,3,4）. It should be noted that even when 
direct effects on humans are not recognized, some 
recent reports suggest that nanoparticles suspended 
in wash water can work their way into organisms with 
potentially serious health effects to humans through 
the food chain. Clearly, there is a dire need for a full 
understanding of the mechanisms by which nanopar-
ticles bio-accumulate, intrude the skin barrier, as well 
as interact with biomacromolecules, such as proteins 
and DNA. It also suggests caution regarding the 
exposure of human beings during the manufacture, 
transport and handling of nanoparticles. 

Nano-bio interfaces 

　Nano-bio interfaces are the most complex and the 
least understood interfacial systems. The behavior 
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of this interface is dependent on properties of the 
nanopar ticles, the biophase (protein, cell mem-
branes, endocytic vesicles or organelles), the me-
dium and most importantly any changes in them due 
to mutual effects within the interfacial region. Those 
nanoparticle characteristics which predominantly 
govern the surface behavior include the chemical 
composition and the resultant solubility, sur face 
charge, semi-conductivity, size, shape, surface cur-
vature, crystallinity as well as porosity, surface het-
erogeneity, roughness, surface functionalization with  
charged groups, peptides or  polymers 5-7）(Fig. 1). 
Indeed, it is the combined effect of the nanoparticle 
properties in the suspending medium as well as the 
interactive biological components that describe the 

nano-bio interface2） (Fig. 2). Properties of the bio-
substrate vary depending on the biomolecular moi-
eties and their sequence in the molecule, molecular 
weight, the configuration of the macromolecule and 
membranes or cells comprising them. Many of these 
properties are in turn dependent upon medium prop-
erties such as ionic strength, pH, polarity and tem-
perature8）. The above characteristics govern other 
important interfacial processes such as adsorption 
of ions, surfactants, polymers and proteins as well as 
aggregation/dispersion and solubility of particles9,10）

. These processes are controlled by forces at the 
nano-bio interface that operate at the whole range of 
length scales.10,11）  These forces determine the disper-
sion of nanoparticles which in turn is controlled, in 
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Fig.3. Transmission electron microscopy images of a) 25nm Anatase TiO2, b) 
200nm Anatase TiO2, c) ZnO, and d) CeO2 particles studied in this research 

Fig.2. Representation of receptor mediated uptake. This is a specific biological 
mechanism for particles interacting with the surface membrane and undergoing 
cellular uptake. The intrinsic nanoparticle characteristics that promote surface binding 
(roughness, hydrophobicity, cationic charge) generally lead to nonspecific binding 
forces (marked by asterisks) that promote cellular uptake. In contrast, specific 
receptor– ligand interactions generally lead to endocytic uptake. A combination of 
nonspecific binding forces on the surface of spiked particles can lead to direct 
penetration of the surface membrane without the need to involve endocytic 
compartments.2) 

Fig. 2　 Representation of receptor mediated uptake. 
This is a specific biological mechanism for 
particles interacting with the surface mem-
brane and undergoing cellular uptake. The 
intrinsic nanoparticle characteristics that 
promote surface binding (roughness, hy-
drophobicity, cationic charge) generally lead 
to nonspecific binding forces (marked by 
asterisks) that promote cellular uptake. In 
contrast, specific receptor– ligand interac-
tions generally lead to endocytic uptake. A 
combination of nonspecific binding forces 
on the surface of spiked particles can lead to 
direct penetration of the surface membrane 
without the need to involve endocytic com-
partments.2）
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addition to the size, by their charge, hydration and 
surface polymeric groups 6,12-20）. It has been found 
recently that the nanoparticles with different surface 
properties and aggregation behavior can cause differ-
ent responses to the culture medium, which in turn 
can lead to different degrees of toxicity.21,22） The toxic 
effects of inorganic nanoparticles on biological cells 
have attracted increasing attention of researchers in 
recent times3,16,23-26） Reported negative biological ef-
fects include the production of  intracellular reactive 
oxygen species (ROS) and related oxidative stress6）, 
DNA lesions, denaturation, and  even particle wrap-
ping by the surface membrane.27,28） As in the case of 
engineered composite nanoparticles, cytotoxicity of 
polymeric nanogels can also be driven by surface and 
morphological heterogeneous effects.2）. It is to be 
noted that the entire nano-bio interface is a dynamic 
system where many short and long term interactions 
occur simultaneously as well as sequentially.  
　The characterization of the nanoparticle/liquid 
interface is possibly the primary challenge when 
trying to understand the nano-bio interface. While 
characterization often assumes steady-state behavior 
to assess the overall behavior of the suspension by 
monitoring such properties as iso-electric point, size 
and average aggregate size, these assumptions have 
to be adjusted when considering the nano-bio inter-
face.  Moreover, methods used to monitor relevant 
properties of large particles under static conditions 
are most often not valid for nanoparticles. Also many 
of these methods do not report special inhomogene-
ities that can result from spatial localization of ionic 
groups, proteins and lipids as well as imperfections 
and contaminants on the surface of particles and the 
cell membranes. The nano-bio interface is highly dy-
namic and undergoes continuous changes as a result 
of nanoparticles dissolution and resulting cellular 
response. While it may take some time to develop 
substantive investigative methods to explore this in-
terface at the usual level of sophistication in colloid 
chemistry, it is worthwhile exploring the nano-bio 
interface through novel imaging techniques and bio-
logical approaches. 

Fundamental and complex forces at the nano-
bio interface 
　The forces between particles are typically clas-
sified into long range and short range forces. The 
former forces arise from usually attractive van der 
Waals forces and repulsive or attractive electrostatic 
interactions, whereas, the latter arise from steric, 
depletion and hydration interactions. Even though 

the forces that control interactions between cells and 
nanoparticles are similar to the forces between two 
larger colloidal particles, the cellular response and 
the resulting mutual effects on nanoparticles and the 
cells render traditional surface chemical methods 
unreliable. One such phenomenon that is important 
for inorganic and other hydrophilic or “water loving” 
nanoparticles is hydration. If water is attracted to 
nanoparticles more strongly than nanoparticles to 
each other, hydration can interfere with the aggrega-
tion of nanoparticles.15） Another  major variable  is 
the dynamic effect due to the  morphologically and 
chemically compliant  nature of the membrane29）. In 
addition, inter-particle interactions can be affected by 
the chemical heterogeneity of the nanoparticles.30） 
Also, it is important to note that multiple particles 
could form rafts that may exhibit markedly different 
properties than single particles. In addition, as in the 
case of flotation of mineral particles by air bubbles, 
possible roll over of the particle on the cell surface 
has to be recognized. On the other hand, nanopar-
ticles are not passive. Upon interaction with the cell 
components, they can change (dissolve/grow, ag-
gregate/disperse, or even experience phase trans-
formation). This generates a time-dependent and 
dynamic nano-bio interface.31,32） Other complexities 
such as endocytosis of the nanoparticles and specific 
receptor-ligand interactions make these interactions 
difficult to predict by theoretical considerations.  

Challenges and Solutions to the Monitoring 
Nanoparticle systems
　Nano-toxicology is an emerging scientific disci-
pline aimed towards studying the impact of nano-
technology on human health33） as a growing number 
of consumer products  contain engineered nano-parti-
cles. One need that must be addressed in this regard 
is the development and selection of accurate methods 
for monitoring nano-particles of various products, 
many being dispersions containing mixtures of not 
only different nano-sized particles, but also particles 
of much larger size.  
　Monitoring the presence of nano-par ticles in 
dispersions with broad particle size distributions 
is difficult because their effect could be masked by 
the presence of larger particles or the aggregates 
of the nano-particles themselves. While there are 
some methods for measuring systems containing 
only nano-particles, there are no well established 
techniques for monitoring nano-particles in the pres-
ence of larger ones. Development of such methods is 
imperative for reliable investigation of nano-particles 
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in natural and engineered systems. The first logical 
step in this regard is an investigation of currently 
available techniques. To make the study reliable, 
it is necessary that the same set of nano-particles 
is studied. Hence we measured dif ferent samples 
with acoustic spectroscopy and TEM, since these 
techniques have been reported to be well suited for 
characterizing nano-particles with rather narrow size 
distributions34-38）. Acoustic techniques can handle 
concentrated systems (>1% vol), which can not usu-
ally be dealt with by most other techniques39）.  Sus-
pensions of 5%wt ZnO particles were prepared by 
ultrasonicating samples from different manufacturers 
in the presence of hexametaphosphate. The acoustic 
measurement yielded a median value of 200 nm to 
700 nm for the size of these powders. Independent 
TEM photographs confirmed the trend of size varia-
tion from sample to sample. Importantly, the acoustic 
measurement indicated that all of these dispersions 
contain dif ferent amounts of nano-particles, even 
though they were specified by the manufacturers as 
nano-powders rather than large particles. Table 1 
presents the averaged content of nano-particles for 
each ZnO sample. Precision of this measurement, de-
fined as the ratio of the “absolute average deviations” 
to the “average content” , varied significantly from 
sample to sample. 

Toxicity due to the portion of particles on the 
Nano levels 
　Although there is some controversy about the tox-
icity of nanoparticles, there is by and large enough 
evidence of their adverse effects. As a noteworthy 
example, Oberdorster et al. have reported that 36 
nm carbon nanoparticles can translocate to the brain 

via the olfactory nerve upon inhalation in rats.40）  In 
their investigation, rats exposed to the nanoparticles 
for six hours exhibited increasing accumulation of 
nanoparticles within the olfactory bulb even seven 
days after exposure.  Oberdorster has also shown 
that 36 nm carbon particles have a significant potency 
to induce inflammatory lung injury.41） Lam et al. also 
demonstrated that carbon nanotubes could cause 
lung granulomas in mice.42） Other studies showed 
that titanium dioxide (TiO2) particles smaller than 20 
nm can cause inflammatory reactions in both animals 
and humans.43） Gutwein44） et al. have reported a dra-
matic decrease in the growth rate for cells exposed 
to alumina particles for only 2 hours.  Table 2 sum-
marizes reported works on cytotoxicity of various 
nanoparticles and the mechanisms of toxicity along 
with potentially useful design methods. As of today, 
most of the research on nanotoxicity has been on the 
eukaryotic cells. 
　We have recently investigated cytotoxicity of ZnO, 
CeO2, and anatase TiO2 nanoparticles on Nitrosomo-
nas europaea cultures.2,21,45,46） Nitrosomonas europaea 
(N. europaea) is a microbe whose growth relies on 
the oxidation of ammonia to nitrite.47） Therefore, it is 
used in general for waste water treatment. The pres-
ence of nanoparticles could possibly damage the ac-
tivity of the Nitrosomonas europaea cells, leading to 
their poor performance in the treatment of industrial 
and sewage waste of oxidizing ammonia to nitrate. 
Nitrosomonas europaea in chemostat state were cul-
tured in the presence of ZnO, CeO2 and anatase TiO2 
nanoparticles at concentrations of 20 ppm and 200 
ppm for 4 hours. The cells were collected for further 
characterization using TEM.  Fig. 3 shows the trans-
mission electron microscopic images of the particles 

Table 1　 Median particle size and percentage of the nano particles (<100nm) in various ZnO samples at 5%wt stabilized at 
pH 10 with hexametaphosphate. (median sizes of the particles were provided by manufacturers)50)

POWDER, Manufacturer Median size, (μm) Acoustic cumulative % of 
nano-particles, <100 nm

TEM cumulative % of nano-
particles, <100 nm

Zinc oxide, 99.5+% by Acros Organics 0.27± 0.01  11.0± 1.4 61.3
Zinc oxide, reagent ACS by Acros Organics 0.43± 0.02    7.0± 0.5 14.8
Z50-500 USP powder packaged by Fisher 
Scientific 0.56± 0.02    2.7± 0.4 31.0

Z52-500 USP powder packaged by Fisher 
Scientific 0.66± 0.04    1.9± 0.4 17.5

S80249 by Fisher Scientific 0.40    6.1± 0.2 28.3
Zinc oxide ACS reagent grade by MO 
Biomedicals, LLC 0.35± 0.02     8.2± 2.1 23.4

Zinc oxide PolystormorTM  by Mallinckrodt 
Chemicals 0.223± 0.009    19.6± 1.8 85.9

Zinc oxide Nanopowder by American 
Elements 0.631± 0.1     4.7± 2.5 34.2
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tested in this work. The median size of the elliptical 
shaped TiO2 particles are ～25 nm and 200 nm. The 
elliptically shaped ZnO particles had a median size of 
～30 nm. CeO2 particles are needle-shaped with an 
average dimension of ～60 nm in length and 20 nm 
in width. The surface areas from the BET measure-
ment for 25 nm anatase TiO2, anatase 200 nm TiO2, 
ZnO and CeO2 particles were 117.7 m2/g, 9.2 m2/g, 
42.1 m2/g, and 93.8 m2/g, respectively.  In addition to 
TEM, a Beckman Optima XL-1 analytical ultracentri-
fuge with scanning optics in an interference system 
was employed to investigate the complex distribution 
in solution by monitoring sedimentation velocity.48）

　The morphological changes of bacteria are illus-
trated in Figure 4a-h. The intercellular particle ac-
cumulation was found for cells treated with all three 
types of nanoparticles except for the 200 nm anatase 
TiO2. 25 nm anatase TiO2 produced changes in the 
morphology of the elliptical N. Europaea (Fig. 4a) 
to an irregular and distorted form (Fig. 4b). Most 
of the cells that remained in their elliptical shapes 

contained a cavity. Those cells that are distorted still 
kept their cytosolic compositions. Hardly any divid-
ing cells were observed in the cells with particles. 
Also, it was difficult to visualize the clear multilay-
ered cell membranes under nanoparticles stress, es-
pecially when 200 ppm of nanoparticles were added 
(Fig. 4c). At the same loading concentration smaller 
particles distorted the cells more than the larger 
particles. Cells in the media with 200 nm particles re-
mained more spherical in shape with their membrane 
largely unperturbed (Fig4. d) than the ones in me-
dia with 25 nm particles. At similar total surface area, 
200 ppm 200 nm anatase TiO2 nanoparticles show 
less damage to cell shape as compared to 20 ppm 25 
nm anatase TiO2 NPs. However, empty vacuoles were 
observed inside the cells for all the sizes. The size ef-
fect has also been studied on eukaryotic cells. It has 
been found that for the same type of particles, larger 
size creates less damage in general. The cells show 
little morphological distortion in shape under the 
stress of ZnO nanoparticles (Fig. 4e) as compared 

Table 2　 Potential mechanisms/routes of adverse effects of nanoparticles and possible ways of mitigation (adapted from Ref. 2)
Nanomaterials Possible mechanisms/routes of toxicity Suggested mitigation strategies

Organic Nanomaterials
MWCNT, and SWCNT51-54)

Fullerenes42)

Frustrated phagocytosis: cell wall disruption and enzymes 
release, generation of ROS, and inflammation due to 
aggregation of CNT 

Generation of ROS and resulting oxidative stress

Surface functionalization with anti-
oxidants, complete purification 
to eliminate residual metal ions; 
coating with polymer matrix to 
prevent release of  toxic metal ions; 
surface functionalization.

Cationic Polymer 
nanospheres and 
Dendrimers24,55,56)

Endosomal cellular uptake Modulation of cationic charge 
density and increasing specific 
ce l lu la r  in terac t ion  thr ough 
functionalization with appropriate 
receptors

Metals
Gold 
nanoparticles57,58)

Denaturing of protein Coating of nanopar ticles with 
amphipathic agents to modulate 
charge ,  s ize ,  d ispers ion  and 
hydrophobicity

Silver nanoparticles59) generation of ROS, Alteration of transport through membrane Capping agents to prevent release 
of Ag+ ions

Metals Oxides
TiO2 27,60,61)

ZnO25,62)

Al2O3
63,64)

SiO2
65-67)

CeO2
25)

Oxidative stress due to generation of ROS and photoactivity; 
cell death and fibrillation due to interference in macrophage 
cell membrane functions
High dissolution of ZnO nanoparticles under physiological 
condition and release of toxic cations. 

Induce proinflammatory response
Protein denaturation; oxidative stress due to ROS generation 
Inducing protein aggregation

Capping  NMs wi th  ;  coa t ing 
with anti-oxidants (ascorbate, 
glutathione, alpha-tocopherol 
(vitamin E)), enzymatic scavengers 
o f  ac t i va ted  oxygen  such  as 
superoxide dismutase, surfactants, 
polymers or complexing  ligands; 
Control of redox properties; 
Surface passivation

Other Nanoparticles
Co/Ni ferrite 
Nanoparticles, 
magnetic metallic 
nanoparticles68)

CdSe69）

 Low cell viability due to the release of toxic cations

High cell mortality due to easy dissolution and release of ions 

Encapsulat ion  wi th  polymer, 
Capping with phosphonic and 
hydroxamic ac ids ;  posi t ive ly 
charged 
tetraheptylammonium (for Ni 
nanoparticles)
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with cells cultured in media with 25 nm anatase TiO2 
particles. However, most of the inner leaflet of the 
membrane wrapped the interior cell structures and 
separated from the rest of outer membrane bilayer 
compartments. The outer cell membrane bilayers 
become indistinguishable too. No broken membrane 
debris was observed in the fixed cell sample. Neither 
were empty cavities/vacuoles seen in the cell. On the 
other hand, a few dark spots can be observed hav-
ing entered the cells and gathered within the center 
of the cells.  Similar morphological responses were 
found for CeO2 treated N. Europaea (Fig. 4f). No 
particles were observed to intrude the cell, although 
some can be observed to adhere to the outer mem-
brane leaflet along their longitudinal needle axis 
(Fig. 4g). Much significant damage was observed 
in cells that were close to CeO2 aggregates, which 
display large cavities and bubbles in them (Fig. 4h). 
The cell walls/membranes, however, remain undam-
aged. Considering the fact that during TEM sample 
preparation heavy particles as well as cells precipitate 
first due to centrifugation, it can be assumed that the 
cells near the CeO2 aggregates would be heavier and 
show more damage with vacuoles than the cells far 
away from them. 
　The stresses exerted by the same type of nanopar-
ticles on eukaryotic cells have been reported by us 
recently.25） It has been concluded that ZnO particles 
induce cytotoxicity by dissolution of Zn2+ ions as well 
as the uptake of ZnO particle remnants. The nano-
ZnO exposure on cells could increase the membrane 

permeability via Na+ and  K+ fluxes through cells 
and ionic homeostasis disturbance based on rat 
tests.49）  Since the N. Europaea has a cell wall and 
multilayered membrane bilayer shell, it would be 
very unlikely that the uptake is via endosomal ways. 
Moreover, a close contact between cells and particles 
is also prevented by the electrostatic interaction since 
both are negatively charged. As from previous refer-
ences on eukaryotic cells, TiO2 nanoparticles would 
be toxic under UV energy in the cells.23） The CeO2 
particles, on the other hand, have been reported to 
be safe and can protect the cells against secondary 
oxidative stress stimulus.25） Our results of stress 
exerted by the anatase TiO2 and CeO2 nanoparticles 
on the prokaryotic N. Europaea, however, showed 
observations of toxicity. From the morphological ob-
servation, all particles were observed to have caused 
damage irrespective of their sizes and charges. The 
shrinkage of the inner cell membrane near the cell 
wall and the release of cytosolic compartments in-
dicate possible high osmotic pressure in and out of 
the cell membrane under the stress of nanoparticles. 
TiO2 cause cell membrane dissociation even when 
possible UV-radiation was screened to some degree 
under dark culturing conditions. It is also seen from 
the TEM images that there are many fibrous struc-
tures surrounding the cells, which can be considered 
to result from shedding of the cell walls or mem-
brane compartments.  Since the charges on the cell-
complex shifted to the positive side and the original 
zeta potential for the particles is negative, we propose 
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Fig.3. Transmission electron microscopy images of a) 25nm Anatase TiO2, b) 
200nm Anatase TiO2, c) ZnO, and d) CeO2 particles studied in this research 

Fig.2. Representation of receptor mediated uptake. This is a specific biological 
mechanism for particles interacting with the surface membrane and undergoing 
cellular uptake. The intrinsic nanoparticle characteristics that promote surface binding 
(roughness, hydrophobicity, cationic charge) generally lead to nonspecific binding 
forces (marked by asterisks) that promote cellular uptake. In contrast, specific 
receptor– ligand interactions generally lead to endocytic uptake. A combination of 
nonspecific binding forces on the surface of spiked particles can lead to direct 
penetration of the surface membrane without the need to involve endocytic 
compartments.2) 

Fig. 3　 Transmission electron microscopy images of a) 25nm Anatase TiO2, b) 
200nm Anatase TiO2, c) ZnO, and d) CeO2 particles studied in this research.
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that only some positive ionic species from the media 
get adsorbed onto the cell walls. This statement is 
validated by the results from three separate analyti-
cal ultracentrifuge measurements in Fig. 5, which 
shows in general that when under nanoparticles’ 
stress, the cells become heavier than the control 
and thus sediment faster. Cells in 200 ppm TiO2 (and 
CeO2) nanoparticles media have a sedimentation 
peak position close to that of the cells with lower NP 
loading, while an apparent right-shift is seen between 
the 200 ppm and 20 ppm peak positions of cells in 
ZnO nanoparticles media (Fig. 5b). This is not unex-
pected considering the lower dissolution of the TiO2 
(and CeO2) nanoparticles as compared with ZnO 
nanoparticles. These results correlated well with the 
light scattering and zeta potential data. 

Toward the production of environmental benign 
particles
　The above discussion raises the following ques-
tions in order to produce safe nanoparticles:
　◦�How do nanoparticles enter cells, and how can 

this phenomenon as well as  subsequent interac-
tions with cell components be controlled? 

　◦�What is the hierarchy in morphological, struc-
tural, and electronic properties of nanoparticles 
that govern their penetration into cells? 

　◦�What are the mechanisms of generation of reac-
tive oxygen species (ROS) upon nanoparticle-

cell interaction? 
　◦�How can particle size and surface functionaliza-

tion control each of these processes?
　◦�How does the heterogeneity of the nanoparticles 

make further complications in the mysterious 
nano/bio interface regions?

In summary, is it possible to tune out nanotoxicity?
　Tackling the above questions requires us to devel-
op a new paradigm that will enable a full understand-
ing of nanoparticle-cell membrane and nanoparticle-
media interactions while taking account of the 
environment-dependent acid-base, redox, electronic, 
aggregation, and wettability properties of nanopar-
ticles. As stated earlier, the entire nano-biointerface 
is a dynamic system where many simultaneous and 
sequential short and long term interactions play dif-
ferent roles at different time and place. The effects 
have been suggested to be controlled by character-
istics of nanoparticles such as hydrophobicity, sur-
face roughness/porosity, solubility-release of toxic 
species, surface species-contaminations/adsorption 
during synthesis/history, capacity to produce ROS, 
structure/composition, surface charge, binding sites 
competitive for receptor, dispersion/aggregation. 
Based on the current observation/understandings 
gained with regard to bio-nano interfaces, the follow-
ing strategies are proposed towards the production of 
greener nanoparticles: 
　1) Promotion of aggregation of nanoparticles using 

Fig. 4　 N. Europaea cells grown in media containing a) control (no anatase TiO2 nanoparticles (Nanoparticles)), b) 
20ppm of 25nm anatase TiO2 Nanoparticles, c）200ppm of 25nm anatase TiO2 Nanoparticles, d) 200ppm of 
200nm anatase TiO2 Nanoparticles for 4 hours, e) 20ppm of ZnO Nanoparticles, f) 20ppm CeO2 Nanoparticles 
for 4 hours, g）20ppm CeO2 Nanoparticles, showing the particle align themselves longitudinally on the cell 
wall, h) 20ppm CeO2 Nanoparticles, the cells close to the particle aggregates shows more cavities in them.1)
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Fig.4. N. Europaea cells grown in media containing a) control (no anatase TiO2 

nanoparticles (Nanoparticles)), b) 20ppm of 25nm anatase TiO2 Nanoparticles, c
200ppm of 25nm anatase TiO2 Nanoparticles, d) 200ppm of 200nm anatase TiO2 
Nanoparticles for 4 hours, e) 20ppm of ZnO Nanoparticles, f) 20ppm CeO2 
Nanoparticles for 4 hours, g 20ppm CeO2 Nanoparticles, showing the particle align 
themselves longitudinally on the cell wall, h) 20ppm CeO2 Nanoparticles, the cells 
close to the particle aggregates shows more cavities in them.1) 
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preferably natural reagents. Our results with both 
fibroblast and the N. Europaea research have shown 
that particles of the same materials but larger sizes 
cause less damage to cells.  Therefore, aggregation of 
particles particularly by natural biomacromolecules, 
soils, or even small living creatures should increase 
the safety of particles (Fig. 6a).  
　2) Modification of the nanoparticles with biocom-
patible coatings to prevent their catalysis of various 
reactions with water and other surrounding organic 
materials. On the other hand, the large production of 
free radicals can also react and degrade organics in 
matrix, especially bio-macromolecules such as DNA.  
To solve the problem, Lee et al.59 have modified the 
titania nanoparticles with multi-component polymer 
coatings (Fig. 6b). The inner-most layer is antioxi-
dants (Oligomeric Proanthocyanidins) to capture free 
radicals generated by titania particles under UV ir-
radiation. Then, a layer of anionic polymers is coated 
onto the particle surface, which can provide negative 

charges to the surface of titania particles with atten-
dant decreased possibility for contact or penetration 
of particles into cell membranes. To protect the integ-
rity of whole particles with coating layers, the outer-
most layer is fully covered with hydrophilically modi-
fied polysiloxane. The hydrophilicity of the particles 
could facilitate the dispersion in the aqueous media, 
maximizing the efficiency of sequestering hazardous 
radicals. Such a chemical and physical grafting ap-
proach remarkably reduces the photocatalytic degra-
dation and enables highly effective screening against 
the UV radiation. 
　3) Mixing with benign particles. Nanoparticles, 
when mixed with biocompatible particles or species 
are likely to be less toxic but still effective for enhanc-
ing mechanical as well as electronic properties.

Conclusions
　Past work shows that nanoparticles can potentially 
cross the cell membranes and stress biological cells. 

Fig. 5　 The analytical ultracentrifuge result on N. Europaea cells grown in media loaded with 
0ppm, 20ppm and 200ppm of a) 25nm anatase TiO2 Nanoparticles. b) ZnO Nanoparticles. 
Cells under the stress of NPs have larger sedimentation coefficient than the control.1) 
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Fig.5. The analytical ultracentrifuge result on N. Europaea cells grown in media loaded with 
0ppm, 20ppm and 200ppm of a) 25nm anatase TiO2 Nanoparticles. b) ZnO Nanoparticles. 
Cells under the stress of NPs have larger sedimentation coefficient than the control.1)  
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The presence of the particles has been shown to 
be responsible for the abnormal actin filaments and 
extracellular matrix behaviors in dermal fibroblasts, 
which in turn decreases cell growth and proliferation. 
When possible toxicity effects of 25 nm and 200 nm 
anatase TiO2 nanoparticles on waste water treatment 
N. Europaea bacteria were probed, cells were found 
to be distorted with membrane damage. CeO2 and 
ZnO nanoparticles affect cell morphologies, too. Pos-
sible means for mitigating toxicity include aggrega-
tion, surface modulation with multiple polymer coat-
ings, biocompatible functionalization and mixing with 
benign particles.
　It is clear from an examination of the work done 
with nanoparticles thus far that there is dire need to 
develop methods to monitor, characterize and tame, 
so to speak, nanoparticles so that we may fully reap 
the benefits of nanotechnology for producing better 
technological and medical products for a long happy 
life and a healthier planet.
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1. Introduction

　Lithium is an alkali metal with silver-white appear-
ance, soft handle, low density (0.534 g/cm3), large 
specific capacity (3860 Ah/kg), high electrochemical 
potential, high electro-negativity, and high energy 

density1, 2). As an alkali metal, lithium is highly reac-
tive, and hence it is found in nature as compounds 
that can be used for different applications, such as 
pharmacology, aerospace, construction, and energy 
storage.
　Rechargeable lithium-ion batteries, which are 
based on lithium chemistry and were first commer-
cialized by Sony in 19923), are of importance as new 
generation power sources because they are lighter 
and have higher energy density, lower self discharge, 
no memory effect, prolonged service-life, larger num-
ber of charge/discharge cycles, better environmental 
friendliness, and higher safety when compared to 
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many other battery systems. Hence, lithium-ion bat-
teries are being widely used for portable electronics 
from digital cameras to notebooks and music players 
to cell phones. They are also potential systems for 
large-scale applications, such as electric vehicles and 
storage devices for future power grids, if they can 
be produced with lower cost, smaller sizes, lighter 
weights, and higher energy storage capacities. 
　A standard lithium-ion battery consists of anode, 
cathode and electrolyte, as shown in Fig. 1. When 
the battery is charged, lithium ions deintercalate 
from the cathode and intercalate into the anode 
through the electrolyte; while on the discharging 
process, lithium ions deintercalate from the anode 
and intercalate into the cathode. During charge/dis-
charge cycles, electrons flow between the anode and 
the cathode, enabling the conversion of chemical en-
ergy and also the storage of electrochemical energy 
within the battery. Therefore, the performance of 
rechargeable lithium-ion batteries strongly depends 
on the active materials employed in both anodes and 
cathodes for lithium storage.
   The common materials for anodes are carbon, 
lithium-alloying metals, graphite varieties (such as 
modified natural graphite or kish graphite), and car-
bon nanotubes/nanofibers. The most used cathode 
material is LiCoO2, which is currently being used in 
commercial lithium-ion batteries found in portable 
electronic devices such as laptops and cell phones. 
However, the high cost, poor thermal stability at ele-
vated temperatures and high toxicity of LiCoO2 make 
it an unsuitable material for larger-scale applications. 
Therefore, battery manufacturers have turned to find 
other alternative materials to replace LiCoO2, and 
examples of such materials include layered lithium 
nickel oxide (LiNiO2), lithium manganese spinels 
(LiMn2O4), vanadium oxides (LiV3O8), and olivines 

(LiMPO4, M = Fe, Co, Mn or Ni)4). 
　Among various alternative cathode materials, lithi-
um iron phosphate (LiFePO4), which was discovered 
by Goodenough in 19975), is gaining significant atten-
tion because of its relatively low cost, high discharge 
potential (very flat voltage curve around 3.4 V versus 
Li/Li+), large specific capacity (170 mAh/g), good 
thermal stability, excellent cycling performance, and 
high abundance with the environmentally benign 
and safe nature. However, LiFePO4 also has its own 
limitation such as low conductivity (～10－9 S/cm), 
which leads to high impedance and low rate capabil-
ity for batteries using that material5). Approaches to 
solve that problem include but not limited to: doping 
LiFePO4 with supervalent cations that enhance the 
material conductivity at the crystal level6, 7), coating 
LiFePO4 with conductive materials such as carbons 
from organic precursors8, 9), and decreasing the par-
ticle size of LiFePO4 in order to make the diffusion 
path of lithium shorter10, 11). These approaches can be 
realized by using novel fabrication technologies.  
   This paper presents an overview of recent advances 
in the fabrication of high-performance LiFePO4 pow-
ders for lithium-ion batteries.  The LiFePO4 powder 
fabrication methods covered include: solid-state syn-
thesis, mechanochemical activation, carbothermal re-
duction, microwave heating, hydrothermal synthesis, 
sol-gel synthesis, spray pyrolysis, co-precipitation, 
microemulsion drying, and others. The impacts of 
these fabrication methods on the structure and per-
formance of LiFePO4 powders are discussed. In addi-
tion, the improvement of the conductivity of LiFePO4 
powders through novel powder technologies is ad-
dressed.
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Fig. 1 Charging (A) and discharging (B) processes of a typical lithium-ion battery. 
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2. Crystalline Structure of LiFePO4

　LiFePO4 has an ordered olivine structure with a 
Pnma space group, in which P atoms (PO4) reside 
within tetrahedral 4c sites, and Fe and Li cations 
(FeO6 and LiO6) reside within octahedral 4c and 4a 
sites, respectively, as shown in Fig. 2. Oxygen atoms 
show slightly distorted hexagonal close packed ar-
rangement3, 5). FeO6 is a corner shared octahedron 
and PO4 is an edge-shared tetrahedron, and they 
form the zigzag skeleton by sharing oxygen and Li 
ions locate in the octahedral channels. The FeO6 
octahedra are connected through the corners in the 
bc plane and LiO6 grows as a linear chain along the b 
axis and a PO4 tetrahedral shares the edges with one 
FeO6 and two LiO6.  The PO4 tetrahedral structure is 
the reason for the good phase stability during lithium 
deintercalation3, 5, 12-15).
　LiFePO4 powders can be prepared by both solid-
state and solution-based methods. Solid-state tech-

niques are carried out at high temperatures without 
any solvent addition. On the other hand, solution-
based methods are based on reactions that take place 
with the presence of appropriate solvent systems.

3. Solid-State Methods for LiFePO4 Powders

　Solid-state synthesis, mechanochemical activation, 
carbothermal reduction and microwave heating are 
based on solid-state chemistry and are the most com-
mon solid-state methods for preparing LiFePO4 pow-
ders. Fig. 3 shows typical routes used in these solid-
state methods. Solid state methods are of importance 
in terms of obtaining ordered crystal structure in a 
simple way at elevated temperatures.

3.1. Solid-State synthesis
　Solid-state synthesis is a technique used to produce 
chemical structures by reactions carried out at ex-
treme conditions, such as high temperature and pres-
sure, without any solvent. This method is generally 
used for the mass production of unique, advanced 
structures, such as special ceramics, scintillation 
crystals, and piezoelectrics.  LiFePO4 powders can 
be fabricated using the solid-state synthesis method 
and Table 1 shows typical precursors used in this 
method and the particle size and discharge capacity 
of the resultant LiFePO4 powders.  The most com-
monly used precursors are Li2CO3 or LiOH・H2O for 
Li, FeC2O4・2H2O or Fe(C2O4)2 for Fe, and NH4H2PO4 
for P, respectively16-20). However, other precursors can 
also be used. For example, Wang et al.21) used LiF to 
replace LiOH・H2O and Li2CO3 and obtained LiFePO4 
powders with an average particle diameter of around 
500 nm. These LiFePO4 powders have good electro-
chemical performance, but the release of HF gas, a 
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byproduct of reaction, should be appropriately man-
aged during powder production. 
　The solid-state synthesis of LiFePO4 powders typi-
cally starts with the mixing of precursors by ball-mill-
ing or other techniques (Fig. 3). For example, Fey 
et al.22) prepared LiFePO4/C powder by ball milling of 
mixed precursors for 3, 12 and 18 hours, followed by 
heat treatment at 600℃. An 18 hour ball-milling time 
was found to produce LiFePO4 powders that have an 
average particle size of 188 nm and a good discharge 
capacity of 161 mAh/g at C/10 with good cycling per-
formance.  In addition to ball milling, precursors can 
also be mixed by generating dispersion in a solvent 
such as acetone, followed by solvent evaporation16, 18-

20, 23, 24).
　Mixed precursors can be pelletized and then cal-
cined using one-step heat treatment. For example, 
Li et al.25) prepared LiFePO4 powders by one-step 
heat treatment under vacuum at 700℃ for 10 h. The 
resultant LiFePO4 powders have a particle size of 1 
μm with a few aggregations, and the discharge ca-
pacity is around 111 mAh/g. Although one-step heat 
treatment is convenient18), prepared mixtures are 
more often heat treated in two steps. The first step 
(precalcination) is carried out at 250 － 350℃, which 
is designed for the decomposition of the precursors 
and expelling of the gases. The second step is the 
final calcination of powders, which occur at relatively 
high temperatures (400－ 800℃). The calcination 

temperature has an important effect on the structure, 
particle size (particle growth), and discharge capac-
ity of LiFePO4 powders. For example, Yamada et al.16) 
synthesized LiFeO4 powders by solid-state synthesis 
at different temperatures and found that the highest 
discharge capacity of 162 mAh/g was obtained by cal-
cining the homogeneously mixed precursors at 500 
－ 600℃ . Takahashi et al.33) also fabricated LiFePO4 
powders by solid-state synthesis and found that the 
optimum calcination temperature for achieving the 
highest discharge capacity was 675℃ . In addition to 
the calcination temperature, it is also important to 
control the calcination atmosphere for avoiding oxi-
dized byproducts, such as Fe2O3 and Li0Fe2(PO4)3

16, 

18, 23, 24). Atmospheres that can be used include inert 
(Ar), slightly reductive (Ar-H2), reductive (H2-N2 or 
N2)16, 18, 23-28), and vacuum conditions25). 
　One limitation of pure LiFePO4 powders is their 
low electrical conductivity, which results in poor rate 
capability. In solid-state synthesis, the conductivity 
of LiFePO4 powders can be improved by introducing 
conductive carbon, which can be obtained by directly 
adding a carbon source into the precursors.  Yun 
et al.18) prepared LiFePO4/C powders by solid-state 
synthesis using polyvinyl alcohol (PVA) as a carbon 
source. The presence of PVA prevents the particle 
growth during calcination because the polymer de-
composes around the same temperature of LiFePO4 
formation.  As a result, these LiFePO4/C powders 
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Table 1 Precursors used in the solid-state synthesis method, and particle size and electrochemical performance of the resultant 
LiFePO4 powders. 
 

Li Precursor Fe Precursor P Precursor Metal Dopant Molar Ratio Carbon Source Product Particle Size  
(nm) 

Discharge Capacity 
(mAh/g) Ref 

Li2CO3 Fe(CH3 CO2)2 NH4H2PO4  1:1:1  LiFePO4 <30 162 (C/10) 16 

Li2CO3 FeC2O4·2H2O NH4H2PO4  1:1:1  LiFePO4  92 17 

Li2CO3 FeC2O4·2H2O NH4H2PO4  1:1:1 Polyvinyl 
alcohol LiFePO4/C  200-300 156 (C/10) 18 

Li2CO3 FeC2O4·2H2O NH4H2PO4  1.03:1:1 Malonic acid LiFePO4/C  100-200 149 (C/5) 19 

Li2CO3 FePO4(H2O)2   1:1 Cellulose 
acetate/sucrose LiFePO4/C 200-300 160 (C/4) 20 

LiF FeC2O4·2H2O NH4H2PO4  1:1:1  LiFePO4 500 151 (C/15) 21 

Li2CO3 FeC2O4·2H2O NH4H2PO4  1.03:1:1 Malonic acid LiFePO4/C 188 161 (C/10) 22 

Li2CO3 FeC2O4 (NH4)2HPO4    LiFePO4   23 

LiF FeC2O4·2H2O NH4H2PO4  1:1:1  LiFePO4 300-600 149 (C/5) 24 

Li2CO3 FeC2O4·2H2O NH4H2PO4  1:1:1  LiFePO4 1,000 111 (C/8) 25 

Li2CO3 Fe(C2O4)2 NH4H2PO4 MnCO3 0.5:y:1:1-y  LiFeyMn1-

yPO4 
 160 (C/2) 26 

Li2CO3 FeC2O4·2H2O NH4H2PO4  1:0.97:1  LiFePO4/Fe2P   27 

Li2CO3 FeC2O4·2H2O NH4H2PO4  1:1:1  LiFePO4   28 

Li2CO3 FeC2O4·2H2O (NH4)2HPO4  1:1:1 Chitosan gel LiFePO4/C  90 (C/5) 29 

LiOH·2H2O FeC2O4·2H2O NH4H2PO4  1:1:1 Glucose, 
Carbon gel LiFePO4/C 500 163 (C/10) 30 

LiOH·H2O FePO4·4H2O   1:1 Polypropylene LiFePO4   31 

LiOH·H2O FeC2O4·2H2O NH4H2PO4 Nb2O5 0.99:1:1:0.01 Polypropylene Li0.99FeNb0.01PO4  31 

Li2CO3 FeSO4 (NH4)2HPO4    LiFePO4   32 

LiOH·H2O FeC2O4·2H2O (NH4)2HPO4  3:1:1  LiFePO4  115 (C/2) 33 

 

Table 1　 Precursors used in the solid-state synthesis method, and particle size and electrochemical performance of 
the resultant LiFePO4 powders



KONA Powder and Particle Journal No.28 (2010)54

have small particle sizes ranging from 200 to 300 nm. 
The maximum capacity achieved in that work was 
156 mAh/g, but the cycling performance was poor. 
　The performance of LiFePO4/C powders can be 
improved by using other carbon sources to replace 
PVA. Fey et al.19) used malonic acid as a carbon 
source, and the resultant LiFePO4/C powders (100－
200 nm) have a discharge capacity 149 mAh/g at C/5 
and a good cycling performance. In addition to malo-
nic acid, other carbon sources that have been studied 
include but not limited to chitosan, glucose, cellulose 
acetate, and sucrose20, 29, 30).
　In addition to carbon, metal dopants can be 
added in solid-state synthesis to adjust the structure 
and performance of LiFePO4 powders. Mi et al.31) 
used Nb2O5 as a metal dopant to form Nb-doped 
Li0.99Nb0.01FePO4 powders by solid state synthesis. 
MnCO3 has also been used as a metal dopant to pro-
duce LiFeyMn1-yPO4 powders with enhanced conduc-
tivity.
   Solid-state synthesis is of importance in terms of 
obtaining unique structures; however, reactions take 
place in a solid phase, which requires high tempera-
ture, high energy, long processing time, repeated 
grinding, and special atmosphere. As a result, the 
product cost of solid-state synthesis is relatively high.

3.2. Mechanochemical activation
　Mechanochemical activation is one of the most 
common methods for preparing metal and alloy pow-
ders, and is mainly based on increasing the chemical 
reactivity of the mixtures by high-energy ball milling. 
The main reasons for the enhancement of reactivity 
can be given as: the formation of free valences on the 
outermost layer of the material and the increase in 
the surface area where reactions take place. Mecha-
nochemical activation enables the preparation of pow-
ders with relatively low particle size and high surface 
area. However, mechanochemical activation also has 
some drawbacks, such as higher impurity stemmed 
from the milling medium and the rise of temperature 
during the high-energy milling process34). For the 
synthesis of LiFePO4 powders, the temperature rise 
during high-energy ball milling may contribute to the 
decomposition of precursors, but is not sufficient for 
the formation of LiFePO4 crystalline structure34-36). 
Therefore, mechanochemical activation is generally 
used as a preparation step prior to the classical solid-
state synthesis, and the aim is to have the smallest 
possible particle size to drive the reactions at lower 
temperatures. Franger et al.23) compared dif ferent 
synthesis methods and found that LiFePO4 powders 

prepared by the mechanochemical activation have 
pure, uniform, and well-crystallized structure, and 
present higher specific capacity (150 mAh/g at C/5) 
than those prepared by conventional solid-state syn-
thesis.
   Table 2 shows typical precursors used in the 
mechanochemical activation method and the particle 
size and electrochemical performance of the resul-
tant LiFePO4 powders. As shown in Fig. 3, typical 
procedure starts with activating mixed precursors 
using high-energy ball-milling for 3－15 hours, de-
pending on the desired particle size, in air37) or in an 
inert atmosphere38). Mechanochemically activated 
mixtures are then pelletized and calcined at elevated 
temperatures at 600－900℃ in appropriate atmo-
sphere such as 95% Ar + 5% H2

37), N2
38), or vacuum39) 

for 0.5－10 hours37-39). 
   To improve the electrical conductivity of LiFePO4 

powders, carbon materials, such as graphite, carbon 
black, and acetylene black, can be added to the mix-
tures during high-energy ball milling37). As reported 
by Shin et al.37), among these three carbon materi-
als, graphite gave the highest conductivity with the 
highest stability and capacity (141 mAh/g at C/10) 
because of its low charge transfer resistance and low 
ion migration resistance. The dispersion of carbon in 
LiFePO4/C composite powders is important. Porcher 
et al.40) investigated the effect of surfactants on the 
dispersion of carbon black in the LiFePO4/C pow-
ders, which were produced by using mechanochemi-
cal activation. In their work, three different types of 
surfactants (anionic, non-ionic, and cationic) were 
added during the electrode preparation process. It 
was found that non-ionic surfactant (Triton X-100) 
led to more homogeneous carbon dispersion and 
the resultant LiFePO4/C powders have better elec-
trochemical performance than those prepared using 
ionic surfactants. 
　In addition to carbon, Fe2P can be used to modify 
the conductivity of LiFePO4 powders. Kim et al.39) pro-
duced pure LiFePO4 and LiFePO4/Fe2P powders by 
mechanochemical activation, followed by calcination 
at 900℃ for different time intervals under 10－6 Torr 
pressure. Pure LiFePO4 showed a discharge capacity 
of 162 mAh/g and good capacity retention. As report-
ed, Fe2P had an important effect on the conductivity 
of the powders, especially at higher concentrations; 
however, lower capacity values were obtained mainly 
because of the increase in particle size and decrease 
in surface area. Maximum initial discharge capacity 
obtained was 113 mAh/g for LiFePO4/Fe2P powders 
(Fe2P : 8 wt. %).
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　The particle sizes of LiFePO4 and LiFePO4/C pow-
ders prepared by mechanochemical activation are 
typically in the range of 60－300 nm37, 38). In addition 
to conventional mechanochemical activation, modi-
fied methods can be designed to further reduce the 
particle size. Kim et al.38) prepared LiFePO4/C pow-
ders by mixing the precursors with distilled water for 
7 hours, evaporating the water, high-energy ball mill-
ing for 15 h under Ar atmosphere, powder pressing in 
order to obtain pellets, and thermal processing at 600
℃ for 10 h under N2 atmosphere. Using this modified 
mechanochemical activation method, the particle size 
of the resultant LiFePO4/C powders reduced from 
60－115 nm to 65－90 nm. As a result, the modified 
method gave better and more uniform carbon coat-
ing, larger specific surface area, and higher electron-
ic conductivity. The discharge capacity for LiFePO4/
C powders obtained by the modified method is 166 
mAh/g at C/10 and 154 mAh/g at C/2, respectively. 

3.3. Carbothermal reduction
　In both conventional solid-state synthesis and 
mechanochemical activation methods, Fe(II) com-
pounds are used as the Fe precursor for LiFePO4 
powders.  However, it is often challenging to prevent 
the oxidation of unstable Fe(II), which tends to form 
Fe(III) as the impurity during the LiFePO4 formation.  
Recently, carbothermal reduction is gaining attention 
because it allows the direct use of Fe(III) compounds 
as Fe precursor.  In general, Fe(III) compounds are 
relatively cheap, readily available, and chemically 
stable when compared with Fe(II) compounds. 
　Carbothermal reduction is a high-temperature 
reduction reaction, which utilizes a carbon source 
as the reducing agent. Carbon black, graphite, and 
pyrolyzed organic chemicals are commonly used 

reducing agents. Carbothermal reduction is a highly 
endothermic reaction, and hence the critical energy, 
which is given to the synthesis environment, must 
be high enough to drive the reaction. In addition, 
since solid carbon is used as the reducing agent, it is 
important to keep all precursors/reactants in good 
contact with each other throughout the reaction. The 
mechanism and reaction rate are closely related with 
the particle sizes of precursors and reducing agents, 
mixing conditions, diffusion rates, gas concentration, 
and impurities in the environment46-48). Properties of 
the resultant powders depend on the processing con-
ditions such as temperature, pressure, precursors, 
and reducing agents.
　When used to produce LiFePO4 powders, the 
carbothermal reduction method is excellent for the 
reduction of Fe(III), stabilization of Fe(II), control of 
particle morphology, and enhancement of electrical 
conductivity by coating LiFePO4 with residual car-
bon. Studies show that, compared with other solid-
state methods, carbothermal reduction is an energy 
efficient approach to produce LiFePO4 powders with 
fine, uniform particle morphology and high capac-
ity3, 48-50). Table 3 shows the precursors used in the 
carbothermal reduction method, and the particle 
size and discharge capacity of the resultant LiFePO4 
powders.  Typical procedure includes two major 
steps: mixing stoichiometric amounts of precursors 
and reducing agents by ball milling for 2－4 hours, 
and calcining (generally without precalcination) the 
mixtures at a temperature between 550 and 850℃ for 
8－10 hours in an inert atmosphere, such as N2 or Ar 
(Fig. 3). During the calcination process, two main 
carbon oxidation reactions occur to reduce Fe(III) to 
Fe(II)48)

Table 2　 Precursors used in the mechanochemical activation method, and particle size and electrochemical perfor-
mance of the resultant LiFePO4 powders
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Table 2 Precursors used in the mechanochemical activation method, and particle size and electrochemical performance of the resultant 
LiFePO4 powders. 
 

Li Precursor Fe Precursor P Precursor Carbon Source Molar Ratio Product Particle Size  
(nm) 

Discharge Capacity  
(mAh/g) Ref 

Li3PO4 Fe3(PO4)2·5H2O  Sucrose 1:1 LiFePO4/C  150 (C/5) 23 
Li2CO3 FeC2O4·2H2O (NH4)2HPO4 Graphite 1:1:1 LiFePO4/C 100-300 141 (C/10) 37 
Li2CO3 FeC2O4·2H2O (NH4)2HPO4 Acetylene black 1:1:1 LiFePO4/C 60-115 152 (C/10) 38 
Li2CO3 FeC2O4·2H2O (NH4)2HPO4 Acetylene black 1:1:1 LiFePO4/C 65-90 166 (C/10) 38 
LiOH·H2O Fe2O3 (NH4)2HPO4 Acetylene black 1:0.5:1 LiFePO4/Fe2P 100-1,000 113-122 (C/5) 39 
LiOH·H2O Fe2O3 (NH4)2HPO4  1:0.5:1 LiFePO4 100-1,000 162 (C/20) 39 
Li3PO4 FeSO4·7H2O Na3PO4 Sucrose 1.05:3:2 LiFePO4/C  140 (C/10) 40 
Li3PO4 FeSO4·7H2O BPO4 Sucrose 1:3:2 LiFePO4/C  160 (C/10) 41 
LiOH·H2O FeC2O4·2H2O (NH4)2HPO4  1:1:1 LiFePO4 100-2,000 115 (C/10) 42 
LiOH·H2O FeC2O4·2H2O (NH4)2HPO4 Carbon black 1:1:1 LiFePO4/C 100-1,000 140 (C/10) 42 
Li2CO3 FeC2O4·2H2O NH4H2PO4  1:1:1 LiFePO4  110-120 (C/10) 43 
LiOH·H2O Fe2O3 (NH4)2HPO4 Acetylene black 1:0.5:1 LiFePO4 100-2,000 140 (C/20) 44 
Li3PO4 FeSO4·7H2O BPO4 Sucrose 1:1:1 LiFePO4/C  110 (C/10) 45 
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 C + O2 →CO2  (T < 650℃) (1)
 2C+O2→2CO (T > 650℃) (2)
　Both the volume and entropy changes in Reaction 
(1) are negligible and the reaction produces less re-
ductive atmosphere. However, Reaction (2) occurs 
at temperatures higher than 650℃, which results in 
a stronger reducing condition than Reaction (1), and 
the volume and entropy increases are significant48).
　In carbothermal reduction, processing conditions, 
especially calcination temperature, are of great im-
portance for the morphological and electrochemical 
performance of the resultant powders. Mi et al.50) 
synthesized LiFePO4/C powders by using FePO4 as 
the Fe precursor and polypropylene as the reducing 
agent and carbon source. Calcination was carried 
out at 650℃ for 10 h under N2 atmosphere without 
any pre-calcination step. The pyrolysis of polypropyl-
ene during the calcination ensured the reduction of 
Fe(III) to Fe(II). The resultant LiFePO4/C powders 
have homogeneous carbon coating with par ticle 
sizes ranging from 100 to 300 nm. Initial discharge 
capacity was 160 mAh/g (C/10) at 30℃ . Liu et al.51) 

synthesized LiFePO4/C powders by the carbother-
mal reduction method using dif ferent calcination 
temperatures. The best calcination temperature was 
reported as 750℃, which produced powders with 
an initial discharge capacity of 133 mAh/g at C/10 
and capacity retention of 96% after 20 cycles. Liu et 
al.52) used cheap Fe2O3 as the Fe source and carbon 
black and glucose as the reducing agent and carbon 
source. The ef fects of calcination temperature on 
the particle size and electrochemical performance 
of LiFePO4/C powders were investigated. When the 
precursors were treated with glucose at 700℃ for 8 
h, the best performance was obtained: the capacity 
was 159 mAh/g at C/10 and the cycling fading was 
2.2% at the end of 30 cycles. It was also found that the 

use of high concentration carbon source not only de-
creased the particle size but also enhanced the cycle 
life.
　The distribution of particle size can also be con-
trolled during the carbothermal reduction. Wang 
et al.53) synthesized LiFePO4/C powders by using 
FePO4 as the iron source and glucose as the reducing 
agent and carbon source. LiFePO4/C powders with 
uniform particle size distribution were obtained when 
the precursors were calcined at 650℃ for 9 h. The 
discharge capacities of these powders are 151 mAh/
g at C/5 rate and 144 mAh/g at 1C rate, respectively. 
Zhong et al.54) prepared high tab-density LiFePO4/
C powders by the carbothermal reduction method 
using Fe2O3 and ferric citrate as the Fe （III） source 
with an equimolar ratio. It was found that the resul-
tant LiFePO4/C powders consisted of nanometer-
sized and micrometer-sized particles, and showed tri-
modal particle size distribution with good discharge 
capacity (135 mAh/g at C/10). In these powders, the 
small particles filled the free space between the big-
ger particles, and led to high tap density (1.4 g/cm3).
　In addition to particle size and its distribution, the 
processing conditions also influence the crystalliza-
tion degree of LiFePO4 powders. One important con-
tribution of high crystallization degree is that it can 
suppress the dissolution of LiFePO4 during cycling 
and leads to improved cycling behavior55). Therefore, 
in order to obtain good electrochemical performance, 
it is important to determine the optimum crystalliza-
tion degree. Zhi et al.55) studied the effect of calci-
nation temperature on the crystallinity degree and 
electrochemical performance of LiFePO4/C powders 
obtained by carbothermal reduction. It was found 
that the powders calcined at lower temperatures 
have lower degree of crystallization with nano-sized 
structure, which leads to higher electrochemical ac-
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Table 3 Precursors used in the carbothermal reduction method, and particle size and electrochemical performance of the resultant 
LiFePO4 powders.  
 

Li Precursor Fe Precursor P Precursor Metal 
Dopant 

Reducing Agent and 
Carbon Source Molar Ratio Product 

Particle 
Size  
(nm) 

Discharge 
Capacity  
(mAh/g) 

Ref

LiH2PO4 Fe2O3  Mg(OH)2  Carbon  1:0.45:0.1 LiFe0.9Mg0.1PO4 100  151 (C/20) 48 

Li2CO3 FeSO4·7H2O NH4H2PO4  Carbon  1:2:2 LiFePO4/C 100-300 156 (C/10) 49 
Li2CO3 FePO4·4H2O   Acetylene black 1:2 LiFePO4/C 1,000-3,000 133 (C/10) 51 

Li2CO3 Fe2O3 NH4H2PO4  Glucose, Carbon 
black 1:1:1 LiFePO4/C 300-1,000 159 (C/10) 52 

Li2CO3 FePO4   Glucose 0.5:1 LiFePO4/C 2,490 151 (C/5) 53 
Li2CO3 Fe2O3 (NH4)2HPO4  Ferric citrate 1:1:1 LiFePO4/C  135 (C/10) 54 
LiH2PO4 Fe2O3   Glucose 2:1 LiFePO4/C 1,330 154 (C/5) 55 

LiOH·H2O Fe(NO3)3 NH4H2PO4  C3H8O2:H2O, 
Sucrose  1:1:1 LiFePO4/(C+Fe2P) 36  157 (C/10) 56 

Li2CO3 Fe(NO3)3·9H2O NH4H2PO4  Citric acid 1:1:1 LiFePO4/C  150 (C/10) 57 

LiH2PO4 Fe(NO3)3·9H2O   Polycarboxylic acid, 
Polyhdric alcohol 1:1 LiFePO4/C  134 (C/100) 58 

 

Table 3　 Precursors used in the carbothermal reduction method, and particle size and electrochemical performance 
of the resultant LiFePO4 powders
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tivity and larger initial discharge capacity. But, they 
showed unsatisfactory cycling performance because 
of their metastable structures. 
　To obtain optimized powder structure and perfor-
mance, modified carbothermal reduction methods 
were also developed. Liu et al.56) designed a modified 
process by introducing amorphous gel precursor 
into conventional carbothermal reduction, and they 
obtained LiFePO4/(C+Fe2P) and LiFePO4/C compos-
ite powders. While LiFePO4/C showed a discharge 
capacity of 146 mAh/g, LiFePO4/(C+Fe2P) has a 
higher capacity of 157 mAh/g, which was attributed 
to the enhanced conductivity caused by Fe2P in the 
structure. Yu et al.57) prepared LiFePO4/C powders 
by combining carbothermal reduction with spray 
drying and used different carbon sources (such as 
carbon black, sucrose, citric acid and polyethylene 
glycol (PEG)) as the reducing agents. As reported, 
the best electrochemical performance was obtained 
from citric acid-added powders, which were calcined 
at 539℃. It was also found that 453℃ was the crystal-
lization temperature of Li3Fe2(PO4)3, 539℃ was the 
transform temperature from Li3Fe2(PO4)3 to LiFePO4, 
840℃ was the formation temperature of LiFePO4/
C with an excess of Fe2P impurity phase, and 938℃ 
was the decomposition temperature of LiFePO4/C. 
Recently, Zhu et al.49) synthesized LiFePO4 powders 
from FeSO47H2O and NH4H2PO4 by combining the 
carbothermal reduction and aqueous precipitation 
methods. The resultant LiFePO4/C powders showed 
capacities ranging from 95－156 mAh/g at C/10, de-
pending on the processing conditions.  

3.4. Microwave heating
　Microwave heating is another easy and useful 
method for producing LiFePO4 powders59-63). Unlike 
other solid-state methods, microwave heating is a 
molecular level heating process, which allows volu-
metric heating of the material by the absorption of 
microwave energy. In microwave heating, the heat is 
generated directly inside the material and is caused 
by the change of polarization that is activated by the 
motion of electric charges. Heating rate is controlled 
by the power of the microwave and heat dissipation 
occurs through the surface of the material. 
　Major advantages of microwave heating include 
good controllability, uniform and selective heating, 
short processing time (2－20 min), reduced energy 
consumption, and low cost.  In addition, microwave 
heating is a low temperature process with good 
repeatability and no reductive gas is required for 
the synthesis of LiFePO4 powders59-66). Higuschi et 

al.59) used the microwave heating method to obtain 
LiFePO4 powders with an initial discharge capacity 
of around 125 mAh/g at 60℃ with low capacity loss. 
Guo et al.67) compared LiFePO4 powders synthesized 
by microwave heating and solid-state synthesis meth-
ods. It was found that microwave-processed LiFePO4 
powders have smaller particle size, more uniform 
size distribution, smoother surface morphology, and 
higher discharge capacity. 
   In microwaving processing, a microwave absorber 
is often added to ensure effective heat generation 
(Fig. 3). Table 4 shows typical precursors, micro-
wave absorbers, and processing time used in the mi-
crowave heating methods. Carbon is the most used 
microwave absorber because it is low cost, produces 
rapid heating, and is capable of forming reductive at-
mosphere, which protects Fe(II) and prevents Fe(III) 
based impurities. As a result, when carbon is used as 
the microwave absorber, the formation of LiFePO4 
powders can be directly carried out in air, which sig-
nificantly lowers the production cost60, 64). In addition, 
the use of carbon can help to reduce the particle size 
and improves the electrical conductivity of LiFePO4 
powders68). Wang et al.61) used active carbon as a mi-
crowave absorber to synthesize nano-sized LiFePO4 
powders, which have a particle size of 40－50 nm and 
discharge capacity of around 112 mAh/g at C/2. Al-
though carbon is the most used microwave absorber, 
other materials can be used to enhance the heat gen-
eration efficiency, such as Fe59), glucose69), and yeast 
cells69).
   The microwave heating time is of importance 
for controlling the particle size and electrochemi-
cal performance of the powders. Typically, longer 
microwave heating time causes larger particle size, 
lower Li diffusion coefficient, and consequently more 
capacity loss60). In addition to increased par ticle 
size, some impurities such as Fe2P can be observed 
with prolonged heating time70). It was found that 
the amount of Fe2P in LiFePO4 powders is directly 
proportional to the heating time, and above a criti-
cal amount of Fe2P, LiFePO4 tends to change into an 
insulating phase, Li4P2O7. However, when the heating 
time is too short, incomplete crystalline structure can 
form contaminates in the resultant LiFePO4 powders, 
which in turn decreases the charge and discharge 
capacities66). Park et al.60) synthesized LiFePO4 us-
ing the microwave heating method, and found that a 
heating time of 4 min is sufficient and can produce 
LiFePO4 powders that have a specific capacity of 151 
mAh/g at C/10 with stable cycling behavior.
　Like most other methods, LiFePO4 powders pro-
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duced by microwave heating typically have spherical 
shape. However, other unique particle structure can 
be obtained using the microwave heating method. 
For example, Muraliganth et al.71) synthesized LiFe-
PO4 nanorods (width: 25－40 nm; length: 0.1－1 μ
m) using microwave heating. These nanorods were 
mixed with multi-walled carbon nanotubes (MW-
CNTs) to improve the conductivity, which resulted 
in a high discharge capacity of around 161 mAh/g 
at C/10 with good cyclic performance. Zhou et al.74) 
synthesized mesoporous LiFePO4 powders by using 
yeast cells as a template for the porous structure. 
During the formation of LiFePO4, yeast cells not only 
connected metal ions chemically but also acted as a 
reducing agent because of their microwave absor-
bency. These mesoporous LiFePO4/C powders have 
specific capacity of 147 mAh/g at C/10 and good 
cycle performance. Jegal et al.72) also synthesized 
mesoporous LiFePO4 spheres, which consisted of 
smaller particles with average thickness of 2－30 nm. 
The mesoporous structure gave short lithium diffu-
sion length during charge/discharge.
   In most cases, traditional continuous microwaves 
are used to produce LiFePO4 powders. However, 
other microwave patterns can also be used.  For 

example, Zou et al.69) used intermittent microwave 
and obtained LiFePO4/C powders with small particle 
size, ranging from 50 to 100 nm. The powders have 
enhanced conductivity and improved capacity (162 
mAh/g at C/10).
   Microwave heating can also be combined with 
other methods to produce LiFePO4 powders with 
controlled structure and performance.  Methods 
that have been combined with microwave heating 
include: solid-state synthesis59, 66), mechanochemi-
cal activation68), sol-gel synthesis66, 73), hydrothermal 
synthesis72), solvothermal71), and co-precipitation65, 74). 
For example, Song et al.68) combined microwave heat-
ing (2－5 min) with mechanochemical activation (30 
min) to obtain LiFePO4/C powders.  The mechano-
chemical activation decreased the process tempera-
ture and led to a uniform distribution of carbon. The 
average particle size of the resultant LiFePO4/C pow-
ders was  0.64 μm and the discharge capacity was 
161 mAh/g at C/10 with a stable capacity retention. 
Li et al.75) synthesized LiFePO4/C powders by com-
bining microwave heating with the co-precipitation 
method. During the synthesis, beer yeast, a nontoxic, 
environmentally-friendly, and low cost biosurfactant, 
was used as a carbon source to increase the material 
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Table 4 Precursors, microwave absorbers, power, and time used in the microwave heating method, and particle size and 
electrochemical performance of the resultant LiFePO4 powders. 
 

Li Precursor Fe Precursor P Precursor Microwave 
Absorber 

Power
 (W)

Time 
(min)

Carbon 
Source 

Molar 
Ratio Product 

Particle 
Size  
(nm) 

Discharge 
Capacity 
 (mAh/g) 

Ref

Li2CO3 Fe(CH3COO)2 NH4H2PO4  500 5-20  1:1:1 LiFePO4  95 (C/11) 59

Li2CO3 
Fe(CH3CHOHC
OO)2·2H2O NH4H2PO4 Iron Powder 500 5-20 

  1:1:1 LiFePO4  100 (C/11) 59

LiOH (NH4)2Fe 
(SO4)2·6H2O H3PO4 Activated Carbon 650 4 Carbon black 1:1:1 LiFePO4 1,000 151 (C/10) 60

CH3COOLi FeC2O4·2H2O NH4H2PO4 Activated Carbon 850  A 
few Citric acid 1:1:1 LiFePO4 40-50 112 (C/2) 61

Li3PO4 FeSO4·7H2O 
H3PO4 Carbon  300 A 

few Glucose  1:1:1 LiFePO4/C 100  117 (C/10) 62

LiOH Fe(CH3COO)2 H3PO4  600  5  1:1:1 LiFePO4 40  6 135 (C/15) 63

LiOH Fe(CH3COO)2 H3PO4  600  5 
Poly(3,4-
ethylenedioxy
thiophene) 

1:1:1 LiFePO4/C 40  6 166 (C/15) 63

CH3COOLi·2
H2O FeSO4·7H2O H3PO4 Carbon Black 400 18 Polyethylene 

glycol 1:1:1 LiFePO4/C 132 - 
465 147 (C/10) 66

LiOH·H2O FePO4·4H2O  Graphite  700 4 Glucose  1:1 LiFePO4/C 160 - 
600 150 (C/10) 67

Li3PO4 Fe3(PO4)2·8H2O  Activated Carbon 750 2-5 Acetylene 
black 1:1 LiFePO4

Li2CO3 FePO4·4H2O   1000 1.33 Glucose  1:1 LiFePO4/C 50 - 100 162 (C/10) 69

Li3PO4 Fe3(PO4)2·8H2O   750  2 Acetylene 
black 1:1 LiFePO4/C  165 (C/50) 70

LiOH Fe(CH3COO)2 H3PO4  600  5 MWCNT 1:1:1 LiFePO4/MWCN
T 40  6 161 (C/10) 71

LiOH Fe(CH3COO)2 H3PO4  600  5  1:1:1 LiFePO4 40  6 147 (C/10) 71

Li3PO4 C6H5FeO7 H3PO4  300    LiFePO4/C   73

CH3COOLi·2
H2O 

FeSO4·7H2O 
 Na2HPO4 

Activated carbon, 
Yeast cells 650 A 

few Yeast cells 1:1:1 LiFePO4/C 35-100 147 (C/10) 74

Li2CO3 FeSO4·7H2O (NH4)2HPO4 Carbon Black 300 10 Carbon black, 0.3:1:1 LiFePO4/C   75

Table 4　 Precursors, microwave absorbers, power, and time used in the microwave heating method, and particle size and 
electrochemical performance of the resultant LiFePO4 powders
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conductivity. Li et al.65) also reported the synthesis 
of LiFePO4 powders by incorporating the solid state 
synthesis and microwave heating methods, and these 
powders have a high specific capacity of around 156 
mAh/g at C/20. Zhang et al.66) synthesized LiFePO4/
C powders by the combination of sol-gel synthesis 
and microwave heating, and achieved initial specific 
capacity of 147 mAh/g at C/10 and good cycling per-
formance.

4. Solution-Based Methods for LiFePO4 Powders

　Although solid-state methods are simple to use, 
they are typically time and energy consuming tech-
niques and often lead to large par ticle size, low 
purity, and relatively poor electrochemical perfor-
mance. Therefore, solution-based methods are of 
increasing importance since they often result in 
smaller and more uniform particle size, higher pu-
rity, more homogeneous carbon coating, and higher 
electrochemical capacity. Hydrothermal synthesis, 
sol-gel synthesis, spray pyrolysis, co-precipitation, 
and microemulsion drying are common solution-
based methods used for the preparation of LiFePO4 
powders.  General production routes are shown sche-
matically in Fig. 4.

4.1. Hydrothermal synthesis
　Hydrothermal synthesis is a chemical process that 
occurs in an aqueous solution of mixed precursors 
above the boiling temperature of water. In hydrother-
mal synthesis, it is possible to avoid the calcinations 
step and obtain pure LiFePO4 powders directly from 
the heated solution. However, if the carbon coating 
is desired, it is necessary to carry out the calcination 
step at higher temperatures.  During hydrothermal 

synthesis, heated water accelerates the diffusion of 
particles and the crystal growth is relatively fast. 
Hydrothermal synthesis is typically carried out in 
a closed system called autoclave and there are less 
environmental concerns than many other powder 
production technologies. Therefore, hydrothermal 
synthesis is a simple, clean, and relatively low-cost 
method that can be used to produce powders with 
high uniformity and purity76-78). Currently, hydrother-
mal synthesis has been widely used for the synthesis 
of oxides, silicates, and some specific compounds 
with unique characteristics. 
　Hydrothermal synthesis was first used by Yang 
et al.79,80) to prepare LiFePO4 powders. As shown in 
Fig. 4, standard hydrothermal synthesis starts with 
the mixing of precursors with the exact stoichio-
metric ratio in an aqueous solution. After the homo-
geneous mixing of the precursors, the solution is 
treated in an autoclave at a temperature above 100℃
, generally between 120－220℃ for 5－10 h. LiFePO4 
powders can then be obtained by drying the slurries 
or participates7, 79-85). LiFePO4 powders produced by 
hydrothermal synthesis are typically low cost, high 
purity, and have small grain size and large surface 
area. In addition, the presence of high-temperature 
water hinders the oxidation of Fe(II) to Fe(III). Table 
5 shows precursors that have been used in the hy-
drothermal synthesis of LiFePO4 powders.
　Like many other methods, carbon sources can 
be added to the hydrothermally obtained LiFePO4 
powders to enhance the conductivity.　However, in 
this case, an additional heat-treatment (or calcina-
tion) step should be carried out at elevated tempera-
tures such as 400－750℃ for 0.5－12 h under N2 or 
argon atmosphere in order to carbonize the carbon 
source79, 83-86).  Carbon sources used include sugar, 

Fig. 4　 Typical routes for producing LiFePO4 powders using solution-based methods.
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Fig. 4 Typical routes for producing LiFePO4 powders using solution-based methods. 

* In the hydrothermal synthesis method, it is possible to avoid the calcination step if no carbon coating is desired. 
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L-ascorbic acid, carbon, MWCNTs, and organic sur-
factant cetyl trimethyl ammonium bromide (CTAB), 
which not only increase the conductivity but also 
act as the reducing agent to prevent the oxidation of 
Fe(II) during calcination79, 81-84, 86-88). Chen et al.82, 88) 
studied the effect of different carbon sources, such 
as hydrazine, ascorbic acid, sugar, carbon black, 
and MWCNTs, and found that ascorbic acid gave 
LiFePO4/C powders with the highest discharge ca-
pacity of 153 mAh/g at 0.15C.  In addition, Xu et al.89) 
prepared MWCNT-coated LiFePO4 by hydrothermal 
synthesis, followed by calcination. These LiFePO4-
MWCNT (5 wt.%) powders showed an initial dis-
charge capacity of 160 mAh/g at 0.3C, and the capac-
ity fading was only 0.4% after 50 cycles. However, the 
agglomeration of MWCNT particles was observed 
at higher MWCNT concentrations. In addition to 
carbon, metal can be doped into LiFePO4 powders 
to improve the conductivity. For example, Ou et al.86) 
synthesized Mg-doped Li0.08Mg0.02FePO4 by hydro-
thermal synthesis at 180℃ for 6 h, followed by calci-
nation at 750℃ for 6 h.
   During hydrothermal synthesis, organic surfac-
tants are often used to improve the dispersion of 
precursors and increase the specific surface area of 
final products. Meligrana et al.84) prepared LiFePO4 
powders by hydrothermal synthesis and investigated 

the effect of organic surfactants on the morphologi-
cal and electrochemical properties of LiFePO4 pow-
ders. It was found that the pyrolysis of surfactants 
increased the material conductivity and generated a 
reductive environment for avoiding the oxidation of 
Fe(II) to Fe(III). As a result, the cycling performance 
and discharge capacity increased noticeably after the 
addition of surfactants. Zhang et al.90) also prepared 
monodispersed and well-crystallized LiFePO4 pow-
ders by the hydrothermal synthesis of Fe(II)-citric 
acid complex precursors at 180℃ and the application 
of isopropanol as a surfactant. It was found that the 
powder morphology was significantly influenced by 
the volume ratio of isopropanol to water. Monodis-
persed short rod-like LiFePO4 crystals were obtained 
when equal volume isopropanol and water were used, 
and the particle size was in the range of 200－500 
nm. However, when isopropanol was absent, column-
like LiFePO4 particles were obtained, and the particle 
size was in the range of 800－1100 nm.
　Water temperature is one of the most important 
parameters for the hydrothermal synthesis process 
because reaction rate, ionization degree, particle size 
and crystalline structure of LiFePO4 powders are all 
temperature dependent. Chen et al.81) investigated 
the effect of water temperature on the structure and 
performance of LiFePO4 powders.  It was found that 
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Table 5 Precursors used in the hydrothermal synthesis method, and particle size and electrochemical performance of the resultant 
LiFePO4 powders. 
 

Li Precursor Fe Precursor P Precursor Metal 
Dopant Carbon Source Molar 

Ratio Product Particle Size  
(nm) 

Discharge 
Capacity  
(mA/g) 

Ref 

CH3COOLi FeC2O4·2H2O NH4H2PO4 Iron wire  Sugar 1:1:1 LiFePO4/C  136 (1C) 7 
LiOH·H2O (NH4)2Fe(SO4)2 H3PO4  Ascorbic acid 3:1:1 LiFePO4  160 17 
Li3PO4 Fe3(PO4)2·5H2O   Sucrose  LiFePO4/C 1,000 140 (C/10) 23 
Li3PO4 FeSO4·7H2O Na3PO4  Sucrose (5wt.%) 1:1:1 LiFePO4/C  160 (C/20) 45 
LiOH FeSO4 H3PO4  Sucrose 3:1:1 LiFePO4/C 3,000 100 (0.14C) 79 
CH3COOLi FePO4·2H2O   Carbon gel 1.2:1 LiFePO4/C  148 (C/2) 80 

LiOH FeSO4·7H2O H3PO4  Sucrose , Ascorbic 
acid, CNT 3:1:1 LiFePO4/C 3,000-5,000 145 (0.3C) 81 

LiOH·H2O FeSO4·7H2O H3PO4  Ascorbic acid, sugar 3:1:1 LiFePO4/C 1,000-3,000 90 (0.15C) 82 
LiOH·H2O FeSO4·7H2O (NH4)3PO4·3H2O  Ascorbic acid 2.5:1:1 LiFePO4 100-200 167 (C/10) 83 
LiOH FeSO4·7H2O H3PO4  CTAB (C19H42BrN) 3:1:1 LiFePO4/C 50  135 (C/10) 84 
LiOH FeSO4·7H2O H3PO4  CTAB (C19H42BrN) 3:1:1 LiFePO4/C 20-30  145 (C/10) 85 

LiOH·H2O FeSO4·7H2O H3PO4 
MgSO4·7
H2O Glucose 3:0.98:1:

0.02 LiMg0.02Fe0.98PO4 500-1,000 144 (C/5) 86 

LiOH·H2O FeSO4·7H2O H3PO4  Ascorbic acid, Carbon 
black (3, 5, 10w%) 3:1:1 LiFePO4/C 100-200 128 (C/10) 87 

LiOH·H2O FeSO4·7H2O H3PO4  Ascorbic acid w/ CNT 3:1:1 LiFePO4/C 3,000-5,000 153 (0.15C) 88 
LiOH·H2O FeSO4 H3PO4  Hydrazine  3:1:1 LiFePO4/C 3,000-5,000 80 (0.15C) 88 
LiOH·H2O FeSO4·7H2O H3PO4  MWCNTs 3:1:1 LiFePO4/MWCNTs  160 (0.3C) 89 
LiOH·H2O FeSO4·7H2O H3PO4  Citric acid 3:1:1 LiFePO4/C 200-500  90 
LiOH FeSO4·7H2O H3PO4   3:1:1 LiFePO4   91 
LiOH FeSO4·7H2O H3PO4   3:1:1 LiFePO4 1,000-2,000  92 
Li3PO4 FeSO4·7H2O H3PO4   1:3:2 LiFePO4 3,000-10,000  93 
Li3PO4 FeSO4·7H2O   Sucrose  1:1 LiFePO4/C 100 140 (C/10) 93 

LiOH·H2O (NH4)2Fe(SO4)2·6
H2O H3PO4   3.75:1:1 LiFePO4  90 (C/100) 94 

 

Table 5　 Precursors used in the hydrothermal synthesis method, and particle size and electrochemical performance of 
the resultant LiFePO4 powders
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the water temperature is directly related with the 
crystal structure and must be above 170℃ to pro-
duce correct lattice parameters. With a water temper-
ature of above 170℃, they obtained LiFePO4 powders 
with a discharge capacity of 145 mAh/g, which did 
not decay even after 50 cycles. Jin et al.83) also synthe-
sized LiFePO4 powders by hydrothermal synthesis at 
150, 170 and 200℃ for 10 h, followed by an additional 
calcination step. LiFePO4 powders hydrothermally 
synthesized at 170℃ and calcined at 500℃ have the 
highest discharge capacity of 167 mAh/g at C/10. 
This value is one of the highest capacities reported 
for LiFePO4 powders in the literature. The average 
particle size of these LiFePO4 powders was in the 
range of 100－200 nm. Although the water tempera-
ture is typically above 170℃, there is report on ob-
taining LiFePO4 powders using a temperature below 
170℃. For example, Jin et al.87) synthesized LiFePO4 

powders by hydrothermal synthesis at 150℃. These 
LiFePO4 powders were assembled into cells with 
solid polymer electrolyte, which showed higher dis-
charge capacity when compared with LiFePO4 cells 
using liquid electrolyte.
　In addition to the water temperature, the flow rate 
of water and the concentrations of precursors have 
significant influence on the structure and electro-
chemical properties of LiFePO4 powders. Xu et al.91) 

prepared LiFePO4 powders at dif ferent water flow 
rates and precursor concentrations.  It was found that 
high flow rates led to more uniform particles and 
higher precursor concentrations resulted in larger 
particle size.
　Recently, supercritical hydrothermal synthesis 
was developed to produce LiFePO4 powders. Lee et 
al.92) carried out the LiFePO4 synthesis under sub 
and supercritical water at different temperatures, pH 
values, and reaction times. It was found that neutral 
or slightly basic pH was required for the successful 
synthesis of LiFePO4 powders. Supercritical water 
gave smaller particle size ranged in the submicron 
scale and lower reactant concentration led to better 
particle size distribution. In addition, the heating 
time should be short in order to prevent the growth 
and agglomeration of particles. In a similar study, the 
same authors obtained LiFePO4 powders by super-
critical water with a capacity of 140 mAh/g at C/10, 
which is higher than that achieved by the subcritical 
approach93).
　So far, most LiFePO4 powders were produced us-
ing the batch hydrothermal synthesis approach. 
However, a continuous hydrothermal synthesis route 
can be used for the mass production of LiFePO4 pow-

ders91). Aimable et al.94) prepared LiFePO4 powders 
by continuous hydrothermal synthesis and investi-
gated the effects of heating temperature and time on 
the morphological and electrochemical properties of 
LiFePO4 powders. It was found that, with increase in 
temperature from subcritical to supercritical water 
conditions and increase in time from 6 to 12 s, well-
crystalline and impurity-free LiFePO4 powders were 
produced. Although the discharge capacities of these 
LiFePO4 powders were only 90 mAh/g at C/100 and 
75 mAh/g at C/10, it can be improved with a carbon 
coating.  

4.2. Sol-Gel synthesis
　Sol-gel synthesis is a low temperature, wet chemi-
cal approach, which is often used for the preparation 
of metal oxides or other specific compositions. Stan-
dard sol-gel synthesis involves the formation of a sol, 
i.e., a stable colloidal suspension of solid particles in a 
solvent, and the gelation of the sol to form a gel con-
sisting of interconnected rigid skeleton with pores 
made of colloidal particles. The properties of the gel 
are determined by the particle size and cross-linking 
ratio95-98). The gel can then be dried to form xerogel, 
which shows reduced volume95-98). To obtain the final 
powder products, all liquids need to be removed from 
the surface of pores by a heat treatment carried out 
at elevated temperatures, which also reduces the 
number and connectivity of pores, known as densi-
fication97, 98). Reaction parameters, such as tempera-
ture, time, pH, precursor, solvent, concentration, and 
viscosity, etc., are of importance for the formation 
and ultimate morphology (particle size and shape, 
pore size, and porosity) of the obtained powders. In 
sol-gel synthesis, the surfaces of the powder prod-
ucts are controlled from the beginning of reactions. 
In addition, sol-gel synthesis is low cost and does not 
require high processing temperature, and powders 
produced by this method have the advantages of 
precise stoichiometry control, high purity, uniform 
structure, and very small size.
　Sol-gel synthesis has become an important means 
to prepare LiFePO4 powders99, 100). Dominko et al.101) 
compared LiFePO4 powders prepared by sol-gel and 
solid-state synthesis methods. Powders prepared by 
sol-gel synthesis have more micropores and higher 
capacity (150 mAh/g at C/10) than those by solid-
state synthesis (130 mAh/g at C/10). Hsu et al.102) 
also used the sol-gel synthesis method to prepare 
Li0.99Al0.01FePO4 powders, and they found that the sol-
gel synthesis gave powders with higher conductivity 
when compared with the solid-state route. The resul-
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tant specific capacity was about 150 mAh/g at C/40 
rate.
　As shown in Fig. 4, during the sol-gel synthesis of 
LiFePO4 powders, precursor solutions are mixed to 
form sols, which are vigorously stirred at 60－80℃ 
for 12－24 h in order to obtain wet gel103, 104). After 
the gelation, wet gel is dried in a vacuum or in argon 
atmosphere at 80℃ for 12 h in order to produce xe-
rogel103, 104). Finally, xerogel is calcined either in one 
or two steps at 500－900℃ for 3－30 h to produce 
LiFePO4 powders102-105). In general, a slow heating 
rate during calcination causes rougher and relatively 
less porous structure. On the other hand, with a high 
heating rate, more porous structure can be obtained, 
which also affects the electrochemical properties of 
LiFePO4 powders101).
   Different precursors and solvents have been used 
in sol-gel synthesis to produce LiFePO4 powders (Ta-
ble 6). The type of solvent is extremely important 
for the control of powder structure. Water is the most 
used solvent, but organic solvent can also be used 
in sol-gel synthesis105-106). For example, Yang et al.105) 
synthesized LiFePO4 powders by sol-gel synthesis 
and used ethylene glycol as a solvent. These LiFePO4 
powders have a specific capacity of 165 mAh/g at 
C/100 and 150 mAh/g at both C/5 and 2C, which is 
the indication of good rate capacity. Li et al.107) used 
ethanol-based sol-gel synthesis method, which took 
relatively shorter synthesis time when compared 
with water-based sol-gel synthesis. 
   LiFePO4 powders obtained by sol-gel synthesis of-
ten have pores in the range of 30－200 nm. For exam-
ple, Dominko et al.103) synthesized porous LiFePO4/C 
powders, which have pore size between 60 and 90 
nm and initial capacities of 160, 140 and 120 mAh/g 
at C/20, C/2 and 5C, respectively. During the forma-
tion of porous LiFePO4 powders, the agglomeration 
tendency can be reduced noticeably by using sur-
factants108). Choi et al.108) prepared porous LiFePO4 

powder with a narrow particle size distribution (100 
－ 300 nm) by employing lauric acid as a surfactant 
and achieved discharge capacities of 123, 157 and 170 
mAh/g at 10C, 1C and C/10, respectively. The pres-
ence of pores not only increases the specific surface 
area but also shortens the transportation pathway of 
lithium inside the material. The porous structure is 
useful especially if the pores are covered by an elec-
trical conductor102-105, 108).
　The most common approach to create an electri-
cally conducting coating on the pore surface is by di-
rectly adding a carbon source during sol-gel synthe-
sis103, 109, 110). The carbon source not only improves the 

electrical conductivity of LiFePO4 powders, but also 
contributes to the formation of the porous structure 
through the degradation and pyrolysis processes. In 
addition, the presence of carbon source enhances the 
uniform growth of LiFePO4 particles with relatively 
small sizes by decreasing the aggregation tenden-
cy102, 105, 109). The thickness of the carbon layer can be 
as low as 1－2 nm in the form of amorphous carbon 
or graphene-rich phase104, 109, 110). Sucrose and citric 
acid are the most commonly used carbon sources for 
the sol-gel method103, 104, 110). Kim et al.104) used sucrose 
and citric acid as the carbon sources to synthesize po-
rous LiFePO4/C powders, in which the pore surfaces 
are covered by a graphine-rich carbon layer of 2－4 
nm thick. It was found that these porous LiFePO4/C 
powders showed high discharge capacities of 153 and 
94 mAh/g at C/10 and 5C, respectively, which are 
probably caused by the large surface areas of the po-
rous structures. In addition to sucrose and citric acid, 
other carbon sources can be used. For example, Li et 
al.107) used PEG and D-fructose as the carbon source 
and obtained porous LiFePO4/C powders with the 
highest specific capacities of 130.9 and 157.7 mAh/g 
at 1C and C/5, respectively. One advantage of the sol-
gel synthesis method is the relatively easy control 
of carbon coating thickness. Dominko et al.110) syn-
thesized LiFePO4/C powders with different carbon 
layer thicknesses ranging from 1 to 10 nm, which 
are among the lowest values in the literature. These 
LiFePO4/C powders have high discharge capacity of 
150 mAh/g at C/5. 
　In addition to carbon coating, metal dopants can 
also be added to modify the structure and electro-
chemical performance of LiFePO4 powders. Wang 
et al.111) doped Mg, Zr, and Ti metals into the crystal 
structure of LiFePO4 powders and they found that 
the Ti doping led to the highest discharge capacity, 
which is around 160 mAh/g at C/8. Lee et al.112) also 
prepared sulfur-doped LiFePO3.98S0.03 powders by sol-
gel synthesis in order to enhance the performance 
of the Li/LiFePO4 cells at high temperatures. They 
obtained good discharge capacities of around 155 
mAh/g at all temperatures because of the improved 
stability caused by the substitution of O2- with S2-. 

4.3. Spray pyrolysis
　Spray pyrolysis is an important method for the 
preparation of ultrafine powders119, 120), and it is based 
on the generation of droplets in a continuous way 
from a solution containing precursor colloidal par-
ticles.  Droplets can be generated by using different 
techniques, such as ultrasonic transduction121) and 
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peristaltic pump122). In spray pyrolysis, the genera-
tion of droplets is a key step because the droplets act 
as the nucleation centers and eventually evolve to 
well-crystallized, dense, and pure particles. Powders 
produced by this method have small particle size (< 1 
μm), narrow size distribution (1－ 2 μm), large sur-

face area, and high purity121-126, 128, 129). All these proper-
ties are desirable for achieving high electrochemical 
performance for LiFePO4 powders, and hence spray 
pyrolysis method is becoming an important alterna-
tive approach for producing LiFePO4 powders122-124). 
Table 7 shows the precursors used in the spray 

Table 6　 Precursors used in the sol-gel synthesis method, and particle size and electrochemical performance of the re-
sultant LiFePO4 powders
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Table 6 Precursors used in the sol-gel synthesis method, and particle size and electrochemical performance of the resultant LiFePO4 
powders. 
 

Li Precursor Fe Precursor P Precursor Metal  
Dopant Solvent Carbon Source Molar Ratio Product 

Pore* or 
Particle Size
(nm) 

Discharge 
Capacity  
(mAh/g) 

Ref

LiOH·H2O Fe(NO3)3·9H2O H3PO4  Methanol Ascorbic acid 1:1:1 LiFePO4/C 100   80  (C/5) 14 

Li3PO4 FeC6H5O7·nH2O H3PO4  Deionized 
water  1:3:2 LiFePO4  117 17 

Li3PO4 C6H5FeO7 H3PO4  Deionized 
water  1:3:2 Porous LiFePO4/C *90  150 

(C/10) 101

LiNO3 Iron powder NH4H2PO4 Al(NO3)2·6H2O
Deionized 
water Citric acid  0.99:1:1:0.01 Li0.99Al0.01FePO4/C 50 150 (C/40) 102

Li3PO4 C6H5FeO7 H3PO4  Deionized 
water Citric acid 1:3:2 Porous LiFePO4/C *60-90 160 (C /20) 103

LiCO3 FeC2O4·2H2O NH4H2PO4  Deionized 
water Citric acid 1:1:1 Porous LiFePO4/C *9.1 128 (C/10) 104

LiCO3 FeC2O4·2H2O NH4H2PO4  Deionized 
water Sucrose 1:1:1 Porous LiFePO4/C *6.1 153 (C/10) 104

Li(COOCH3) 
·2H2O Fe(COOCH3)2 H3PO4  Ethylene 

glycol Ethylene glycol 1:1:1 LiFePO4/C  200-300  165 (C/100) 105

LiNO3 FeC2O4·2H2O NH4H2PO4  Deionized 
water Ethylene glycol 1:1:1 LiFePO4/C  155 (C/10) 106

LiCl·H2O FeCl2·4H2O H3PO4  Ethanol  1:1:1 LiFePO4   116 (C/5) 107

LiCl·H2O FeCl2·4H2O H3PO4  Ethanol PEG, 1-
hexadecanol 1:1:1 Porous LiFePO4/C  145 (C/5) 107

LiCl·H2O FeCl2·4H2O H3PO4  Ethanol  PEG, D-fructose 1:1:1 Porous LiFePO4/C  157.7 (C/5) 107

LiCl·H2O FeCl2·4H2O H3PO4  Ethanol PEG, Cinnamic 
acid 1:1:1 Porous LiFePO4/C 100-200  137 (C/5) 107

Li(COOCH3) 
·2H2O FeCl2.4H2O P2O5  Ethanol Lauric acid 1:1:1 LiFePO4  100-300  170 (C/10) 108

Li(COOCH3) 
·2H2O FeCl2.4H2O P2O5  Ethanol  1:1:1 LiFePO4  500-3,000  146 (C/10) 108

Li3PO4 C6H5FeO7 H3PO4  Deionized 
water  1:3:2 Porous LiFePO4/C 500-20,000 140 (C/2) 109
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Li3PO4 C6H5FeO7 H3PO4  Deionized 
water 

Hydroxy ethyl 
cellulose 
 

1:3:2 Porous LiFePO4/C  150 
(C/5) 110

LiOH·H2O FeC2O4·2H2O NH4H2PO4  Deionized 
water 

Polyacrylic acid, 
Citric acid 1:1:1 LiFePO4   160-165(C/8) 111

LiOH·H2O FeC2O4·2H2O NH4H2PO4 
Mg(CH3CO2)2·
4H2O 

Deionized 
water 

Polyacrylic acid, 
Citric acid 1:0.99:1:0.01 LiMg0.01Fe0.99PO4   160-165(C/8) 111

LiOH·H2O FeC2O4·2H2O NH4H2PO4 Zr(OC2H5)4 
Deionized 
water 

Polyacrylic acid, 
Citric acid 1:0.99:1:0.01 LiZr0.01Fe0.99PO4   160-165(C/8) 111

LiOH·H2O FeC2O4·2H2O NH4H2PO4 Ti(OCH3)4 
Deionized 
water 

Polyacrylic acid, 
Citric acid 1:0.99:1:0.01 LiTi0.01Fe0.99PO4   160-165(C/8) 111

Li3PO4 C6H5FeO7 H3PO4  Deionized 
water Citric acid 1:3:2 Porous LiFePO4/C *50 120 (1C) 113

LiCO3 Fe(NO3)3·9H2O NH4H2PO4  Deionized 
water Ascorbic acid 1:1:1 LiFePO4   114

LiOH·H2O Fe(NO3)3·9H2O H3PO4  Deionized 
water  1:1:1 LiFePO4   114

Li(COOCH3) 
·2H2O Fe(COOCH3)2 H3PO4  DMF  1:1:1 LiFePO4   114

Li(COOCH3) 
·2H2O Fe(COOCH3)2 H3PO4  DMF  1.05:1:1 LiFePO4  5,000  145 (C/2) 115

Li(COOCH3) 
·2H2O Fe(COOCH3)2 H3PO4  Ethylene 

glycol 
Functionalized 
CNF by HNO3 

1:1:1 LiFePO4/CNF 200  120 (C/2) 116

Li(COOCH3) 
·2H2O Fe(COOCH3)2 H3PO4  Ethylene 

glycol  1:1:1 LiFePO4/C 500-1,000  110 (C/2) 116

LiOH·H2O Fe(NO3)3·9H2O H3PO4  Deionized 
water Ascorbic acid 1:1:1 LiFePO4/C 350 165 (3C) 117

LiOH·H2O Fe(NO3)3·9H2O H3PO4  Deionized 
water Ascorbic acid 1:1:1 LiFePO4/C  110 (C/5) 118

LiOH·H2O Fe(NO3)3·9H2O H3PO4 
Metal powder 
(Co, Ag) 

Deionized 
water Ascorbic acid 1:1:1 LiFePO4/C  140 (C/5) 118
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pyrolysis method and the particle size and discharge 
capacity of the resultant LiFePO4 powders. 
　The spray pyrolysis of LiFePO4 powders typically 
starts with the pumping (or spraying) of a solution 
of mixed precursors into a pyrolysis furnace (around 
400－600℃ ) in the droplet form by a carrier gas 
(Fig. 4)122-125). Collected precursor powders are then 
calcined at temperatures around 700－800℃. Jugovic 
et al.32) compared LiFePO4 powders prepared by solid 
state synthesis and spray pyrolysis, and found that 
LiFePO4 powders by spray pyrolysis have smaller 
par ticle size and present spherical morphology 
without agglomeration. However, powders by solid-
state synthesis are formed of larger and nonspherical 
particles with apparent agglomeration. In addition, 
powders prepared by solid-state synthesis show 
well crystallized structure as single-phase phospho-
olivines, whereas those prepared by spray pyrolysis 
have olivine phase with small portion of other phases 
such as lithium carbon and iron carbon, which lead 
to higher electrical conductivity.
　Like many other methods, carbon sources can 
be added during spray pyrolysis, and the resultant 
LiFePO4/C powders not only have higher electri-
cal conductivity, but also have smaller particle size, 
which increases the specific surface area of the pow-
ders124, 126). Bewlay et al.125) used sucrose as a carbon 
source to prepare  LiFePO4/C powders, which had 
an average diameter of 300 nm and showed a con-
ductivity from 10－7 to 10－1 S/cm, depending on the 
amount of the carbon source added in the precursor 
solution. Konarova et al.126) also prepared LiFePO4 

and LiFePO4/C powders by the spray pyrolysis 
method. While LiFePO4 powders had low discharge 
capacity of around 100 mAh/g at C/10, LiFePO4/C 
powders showed 140 mAh/g at C/10 and 84 mAh/
g at 5C, respectively, with small capacity fading dur-
ing cycling. Ju et al.123) also reported fine, spherical 
LiFePO4/C powders with charge capacities between 
108－136 mAh/g, depending on the size and amount 
of the carbon. Capacities and cycling performance 
of LiFePO4/C powders are reported to be improved 
by preparing nano-sized particles. It must be noted 
that, when a carbon source is added, the carbon 
content in the final LiFePO4/C product needs to be 
carefully controlled because, if the carbon content is 
too high, the discharge capacity may decrease due to 
either reduced LiFePO4 content127) or dominant bar-
rier behavior of the thick carbon layer126, 110). Yang et 
al.124) prepared non-agglomerated, smooth LiFePO4/
C powders with carbon evenly distributed. When the 
carbon content is 15 %, the LiFePO4/C powders have 
the highest discharge capacity of 124 mAh/g at C/10. 
　Metal dopants have also been used in the spray 
pyrolysis method to improve the performance of 
LiFePO4 powders. For example, Teng et al.121, 124) 
synthesized Mg-doped LiFePO4/C powders, which 
have an average particle size between 1 and 2 μm 
and a conductivity 104 times greater than that of pure 
LiFePO4. These powders have a capacity of 132 mAh/
g at C/10 and exhibit lower capacity decay when 
compared with undoped LiFePO4/C powders. Wang 
et al.122) also prepared Mg-doped LiFePO4 powders 
using spray pyrolysis and achieved 104 times higher 
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Table 7 Precursors used in the spray pyrolysis method, and particle size and electrochemical performance of the resultant LiFePO4 
powders.  
 

Li Precursor Fe Precursor P Precursor Metal Dopant Solvent Carbon 
Source 

Molar 
Ratio Product 

Particle 
Size 
(nm) 

Discharge Capacity 
(mAh/g) Ref

LiNO3 FeSO4 H3PO4  Deionized 
water Sucrose  LiFePO4/C   32 

LiNO3 Fe(NO3)3·9H2O H3PO4 Mg(NO3)2·6H2O
Deionized 
water 

White sugar 
40 wt% 1:0.9:1:0.1 LiFe0.9Mg0.1PO4/

C 1,000-2,000 132 (C/10) 121

Li2CO3 FeC2O4·2H2O NH4H2PO4 
Mg(C2H3O2)2·4
H2O 

Deionized 
water  1-x:1:1:x Li1-xFeMgxPO4 1,000-2,000  122

LiNO3 Fe(NO3)3·9H2O H3PO4  Deionized 
water 

Ascorbic 
acid, white 
sugar 

1:1:1 LiFePO4/C 1,000-2,000 124 (C/10) 124

LiCO3 FeC2O4·2H2O NH4H2PO4  
Deionized 
water 
(HNO3) 

Sucrose 
(C12H22O11) 

 LiFePO4/C 300  125

Li(HCOO)·H2O FeCl2·4H2O H3PO4  
Deionized 
water 
(HCl) 

 1:1:1 LiFePO4  100 (C/10) 126

Li(HCOO)·H2O FeCl2·4H2O H3PO4  
Deionized 
water 
(HCl) 

Citric acid 1:1:1 LiFePO4/C 1,000-3,000 140 (C/10) 126

Li(HCOO)·H2O FeCl2·4H2O H3PO4  
Deionized 
water 
(HCl) 

Acetylene 
black  1:1:1 LiFePO4/C 58 163 (C/10) 128

Li(HCOO)·H2O FeCl2·4H2O H3PO4  
Deionized 
water 
(HCl) 

Acetylene 
black  1:1:1 LiFePO4/C 300-1,000 158 (C/10) 129

 

Table 7　 Pecursors used in the spray pyrolysis method, and particle size and electrochemical performance of the resul-
tant LiFePO4 powders
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conductivity than pure LiFePO4 powders.
　The spray pyrolysis method can also be combined 
with wet or dry ball-milling techniques in order to in-
crease the specific surface area and discharge capac-
ity of the resultant LiFePO4 powders128, 129). Konarova 
et al.128) produced LiFePO4 powders with average di-
ameter less than 100 nm by the combination of spray 
pyrolysis and wet ball-milling. These powders have 
discharge capacities of 163 mAh/g at C/10 and 100 
mAh/g at 10C, respectively. The same authors also 
reported the preparation of LiFePO4/C powders with 
diameters ranging from 300 to 1000 nm by the com-
bination of spray pyrolysis and planetary ball-milling, 
and achieved a discharge capacity of 158 mAh/g at 
C/10129).

4.4. Co-Precipitation 
　Co-precipitation is another solution-based method, 
which is easy to control and can lead to well-crystal-
lized powders with high purity and small particle size. 
In that method, lithium and phosphate compounds 
in mixed precursor solutions are co-precipitated by 
controlling the pH values. The co-precipitated slur-
ries are then filtered, washed, and dried under N2 
atmosphere. During that process, dried precursors 
may form amorphous LiFePO4. Crystalline LiFePO4 
powders are obtained by carrying out the calcination 
at 500－800℃ for 12h under N2 or argon flow130, 131). 
The typical synthesis route for the co-precipitation 
method is shown in Fig. 4 and precursors used in 
this method are shown in Table 8. Depending on 
the precursors and other processing conditions, the 
particle sizes of the synthesized LiFePO4 powders 
can range from 100 nm to several microns130-133). For 
example, Zheng et al.131) prepared pure crystalline 
LiFePO4 powders by calcining an amorphous co-
precipitated LiFePO4 at 500℃. These powders have a 
homogenously distributed particle size ranging from 
100 and 200 nm, and their discharge capacity is 166 
mAh/g at C/10.  In addition to particle size, the par-
ticle morphology can also be controlled using the co-
precipitation method.  Arnold et al.130) prepared flat, 
rhombus-shaped LiFePO4 powders in the submicron 
range by an aqueous co-precipitation method. These 
pure and well-crystallized LiFePO4 powders have a 
high discharge capacity of 160 mAh/g at C/20. 
　The structure and performance of LiFePO4 pow-
ders can be improved by introducing carbon source 
or metal dopant into the co-precipitation process. For 
example, Ding et al.132) prepared LiFePO4/graphene 
composite powders by directly adding graphene dur-
ing co-precipitation, and observed the restacking of 

graphene sheets because the van der Waals forces 
during synthesis caused a decrease in surface area of 
graphene.  The resultant LiFePO4/graphene powders 
have an average particle size of around 100 nm and 
a discharge capacity of 160 mAh/g at C/5 rate. Li et 
al.133) prepared spherical shaped, sub-micron sized 
Ti-doped LiFePO4 powders by the co-precipitation 
method. Ti(SO4)2 was used as the titanium dopant. It 
was found that 3%-Ti-doped powders exhibited a good 
discharge capacity of 150 mAh/g at C/10 with good 
cycling performance. 
　Co-precipitation can also be combined with other 
methods to produced LiFePO4 powders with con-
trolled structures and performance. Chang et al.134) 

prepared high-density LiFePO4/C powders by the 
solid-state synthesis of FePO4 (1.56 g/cm3), which 
was obtained by using the co-precipitation method 
suppor ted with high-pressure filtering and two-
step drying at 80℃ . The tap-density of the obtained 
LiFePO4/C powders was 1.80 g/cm3 when the carbon 
content was 7 wt.%. The initial volumetric and gravi-
metric discharge capacities were 300.6 mAh/cm3 and 
167 mAh/g, respectively, at C/10. 

4.5. Microemulsion drying 
　　LiFePO4 powders can also be prepared by the 
drying of microemulsion solutions135-137), which are 
thermodyamically stable liquid mixtures consisting 
of water, oil, and emulsifying agent that stabilizes 
the microemulsions135-138). During the microemulsion 
drying process, microemulsions act as microreactors 
for the synthesis of LiFePO4 powders. The type and 
property of the microemulsions are depended on the 
amount of oil and water, type and amount of emulsi-
fying agent, and process temperature, etc139-142). As 
shown in Fig. 4, the microemulsion drying process 
of LiFePO4 powders starts with the preperation of 
aqueous precursor solutions based on the stoichio-
metric ratios. The aqueous phase is mixed intensively 
with an oily phase consisting of hydrocarbons such 
as Kerosene135-138). The obtained microemulsions are 
dried between 300 and 400℃, during which extensive 
weight loss can be observed due to the evaporation of 
water and pyrolysis of organic hydrocarbons. It was 
reported that little amount of crystalline olivine LiFe-
PO4 starts to form during drying. However, in most 
cases, dried microemulsions need to be calcined at 
650－850℃ under argon flow for 12 h. The optimum 
calcination temperature is reported to be around 750
℃136, 137). Higher calcination temperature might result 
in increased particle size136). The microemulsion dry-
ing process is of importance for LiFePO4 synthesis 
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because the formation of pure, fine powders is facili-
tated by the atomic scale, homogeneous distrubu-
tion of reactants in microemulsions from the begin-
ning135-137).
　During microemulsion drying, the partcile growth 
is directly restricted by the size of the droplets in 
the emulsions. As a result, the particle size and mor-
phology are affected by many factors such as solu-
tion concentration, droplet size, stirring power, and 
surfactant. Particle sizes and discharge capcities of 
LiFePO4 powders produced by microemulsion dry-
ing are shown in Table 8. Myung et al.137) used the 
microemulsion drying method (drying at 300℃ and 
calcination at 750℃) to prepare LiFePO4/C powders, 
which have an average particle size of 1μm. Good 
discharge capacity (around 125 mAh/g at C/8.5 and 
25℃) and good electrical conductivity (10－4 S/cm) 
were obtained for the LiFePO4/C powders due to the 
atomic level mixing of precursors and carbon source. 
Smaller particle size can be obtained using the micro-
emulsion drying method. For example, Xu et al.143) 

prepared LiFePO4/C powders by using CTAB and 
PEG in emulsions to control the particle size and us-
ing sugar as the carbon source. LiFePO4/C powders 
calcined at 600℃ exhibited 90 nm average particle 
size and very good discharge capacity of 163 mAh/g 
at C/10. Cho et al.136) prepared pristine LiFePO4 and 
LiFePO4/C powders using the same method. Dis-
charge capacities of 121 and 133 mAh/g at C/8.5 with 
excellent cycle stability were obtained for LiFePO4 

and LiFePO4/C powders, respectively.

5. Other Methods

　There are other methods that can be used to pro-
duce LiFePO4 powders in addition to the previously 
mentioned approaches. Among these methods, 
template synthesis117), polyol process11), in-situ polym-

erization restriction method144) and solid-state syn-
thesis with controlled off-stoichiometry145) stand out 
because they lead to LiFePO4 powders with desired 
structure and fast charge/discharge behavior. In ad-
dition, a molten salt synthesis method was used to 
accelerate the crystallization process and help form 
spherical powders with increased tap density146). Oth-
er methods that have been used to produce LiFePO4 

powders include ceramic granulation148), freeze-dry-
ing148), sonochemical synthesis135, 32), and rheological 
synthesis149).
　Recently, a few research groups are working on 
synthesizing LiFePO4 films that have comparable 
electrochemical performance to powders.  For ex-
ample, LiFePO4150-153) thin films with different thick-
nesses, such as 35 nm152), 50 nm150), and 300 nm151, 153), 
have been produced by using pulsed laser deposition 
method. Another method to produce LiFePO4 thin 
films is radio frequency magnetron sputtering, which 
can be used to obtain submicron size film thickness154). 

6. Conclusion

　A good cathode material for lithium-ion batteries 
should have large capacity, good cycling per for-
mance, high stability, low toxicity, and high purity, 
and it should be easily produced and affordable. In 
order to obtain these features, small particle size, 
narrow size distribution, uniform morphology, opti-
mum crystallinity degree, high specific surface area, 
minimum defects and agglomeration, and homoge-
neous carbon coating or metal doping are required 
for the practical application of LiFePO4 powders 
in lithium-ion batteries. Methods described in this 
review were designed to obtain LiFePO4 powders 
with desirable structures and high electrochemical 
performance. However, it is often challenging to ob-
tain all the desired properties. Typically, solid state 
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Table 8 Precursors used in the co-precipitation and microemulsion drying methods, and particle size and electrochemical performance 
of the resultant LiFePO4 powders. 
    

Method Li Precursor Fe Precursor P 
Precursor Solvent Carbon Source Molar 

Ratio Product 
Particle 
Size  
(nm) 

Discharge Capacity 
(mAh/g) Ref

Co-precipitation LiOH Ferrous ions H3PO4 Deionized water   LiFePO4   23 

Co-precipitation Li3PO4 Fe3(PO4)2·5H2O  Deionized water  1:1 LiFePO4 <1,000 160 (C/20) 130

Co-precipitation Li2CO3 FeSO4·7H2O H3PO4 Deionized water C2O4H2
·2H2O 1:1:1 LiFePO4 100-200 166 (C/10) 131

Co-precipitation LiOH (NH4)2Fe(SO4)2·6
H2O 

NH4H2PO4 Deionized water Natural graphite  LiFePO4/ 
graphene 100 160 (C/5) 132

Co-precipitation Li2CO3 Fe(NO3)3·9H2O H3PO4 Deionized water Glucose 1:1:1 LiFePO4/C 2,000-4,000 167 (C/10) 134

Emulsion-Drying LiNO3 Fe(NO3)3·9H2O (NH4)2HPO4 Deionized water Carbon Bl 
(40%) 1:1:1 LiFePO4/C 1,000 133 (C/8.5) 136

Emulsion-Drying LiNO3 Fe(NO3)3·9H2O (NH4)2HPO4 Deionized water  1:1:1 LiFePO4 1,000 121 (C/8.5) 136

Emulsion-Drying LiNO3 Fe(NO3)3·9H2O (NH4)2HPO4 Deionized water Karosene:Twee
n85 1:1:1 LiFePO4/C <1,000 125(C/8.5) 137

Emulsion-Drying LiOH (NH4)2Fe(SO4)2 H3PO4 
Octane, 
Butyl alcohol Sugar 3:1:1 LiFePO4/C 90 163 (C/10) 143

 

Table 8　 Precursors used in the co-precipitation and microemulsion drying methods, and particle size and electrochemi-
cal performance of the resultant LiFePO4 powders
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methods are of importance in terms of obtaining 
ordered crystal structure, but they require higher 
treatment temperature and longer process time, 
which may lead to larger particle size and lower elec-
trochemical capacity. On the other hand, solution-
based methods give high purity, small particle size, 
uniform size distribution, and hence relatively higher 
electrochemical capacity, but additional solvent cost 
and environmental issues are major disadvantages of 
these methods. Many solid-state and solution-based 
methods are good candidates for the mass produc-
tion of LiFePO4 powders at industrial scale; however, 
the cost, productivity, reproducibility and complexity 
of these methods should be taken into consideration. 
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Abstract

　Electrophoretic deposition (EPD) is one of the colloidal processes during in ceramic production 
and has gained significant interest because of the high versatility of its use with different materials 
including nanoparticles and its cost-ef fectiveness requiring simple equipment. Of the major 
parameters for ceramic processing involving the EPD, preparation of the suspensions and application 
methods of electric fields are particularly important factors that af fect the microstructure. At the 
beginning of this review, we introduce the fundamental aspects of the EPD processing. We then 
focus on the following four points: (1) the stability of the Pb(Zr,Ti)O2 /ethonol suspension by the 
addition of phosphate esters and its influence on the subsequent EPD process, (2) the stability of a 
TiO2/(2-propanal＋2.4－pentanedione) suspension, which is a suspension without dispersants, (3) 
the film performance of the pulsed direct current EPD using an aqueous suspension, and (4) the 
laminated textured ceramics by EPD in a strong magnetic field.
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1. Introduction

　Electrophoretic deposition (EPD) is the process of 
forming deposited layers of particles on substrates. 
In this process material, particles such as ceramics 
are electrically charged and dispersed in a liquid me-
dium. When an electric field is applied to the suspen-
sion, the charged particles migrate toward the elec-
trode with the opposite charge and the particles are 
then deposited onto the substrates. This EPD technique 
is receiving attention as a convenient method of produc-
ing relatively uniform deposition films of particles with-
in a short time interval and at low cost1-7). Electrically 
conductive materials such as metals and graphite 
are generally used as substrates and as electrodes. 
Although the mechanism of the particle deposition 
has not been completely elucidated, it is generally 
believed that particles migrate toward the oppositely 
charged electrode under the effect of an electric field; 
when they reach the surface of the substrate, the 

repulsive potential between the particles is reduced, 
and the particles coagulate because of van der Waals 
attraction and are deposited on the substrate.
　Of the major parameters for ceramic processing 
involving the EPD, preparation of the suspensions 
and application methods of the electric fields are par-
ticularly important factors that affect the microstruc-
ture8-12). In this review, after introduction to the EPD 
processing, we focus on the following four points: 
(1) the stability of the ceramic particle /ethonal sus-
pension by the addition of phosphate esters and its 
influence on the subsequent EPD process, (2) the 
stability of the ceramic particle/(2-propanal＋2.4-pen-
tanedione) suspension, which is a suspension without 
dispersants, (3) the film performance of the pulsed 
direct current EPD using an aqueous suspension, 
and (4) the laminated textured ceramics by EPD in a 
strong magnetic field.

2. Electrophoretic Process as Consolidation 
and Formation Technology for Particles

　The electrophoretic process, as a colloidal process, 
can easily accommodate denser green bodies as com-
pared to dry processes. Fig. 1 shows a comparison 
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of the sintering behavior in air of the following sam-
ples: (1) zirconia (3YTZ) nanoparticle green body 
formed by uniaxial pressing (UP) at 100 MPa, (2) zir-
conia nanoparticle green body formed by UP at 100 
MPa and subsequent cold isostatic pressing (CIP) at 
200 or 400 MPa, and (3) zirconia nanoparticle green 
body formed by EPD. The green body formed by 
EPD exhibited a degree of sintering comparable to or 
better than the degree of sintering of the green body 
formed by CIP at 200 MPa
　In the casting method such as slip casting in which 
a solvent moves through the pore channels consoli-
dated by the particles, the channel size becomes 
narrower and the casting rate declines as the particle 
size decreases13,14). However, during the electropho-
retic process in which particles themselves move, the 
deposition rate does not depend on the particle size 
and is extremely fast. Based on this point, EPD is a 
suitable method for consolidating nanoparticles. As 
compared with tape casting, EPD is also suitable for 
the production of thickness-controlled laminates with 
good adherence between the layers.15) Therefore, re-
cently EPD has recently been applied in many fields, 
such as dielectric films16 -19), electrochromic films20), 
lithium batteries21), fiber-reinforced composites22), sol-
id oxide fuel cell laminates 23 -26), phosphor films27,28), 
etc.
　A significant advantage of using electric fields is 
that the charged particles in solution do not directly 

migrate to the electrodes the shortest distance away, 
but rather migrate along the electric potential gradi-
ent in a space filled with solution and then deposit. 
Fig. 2 shows a schematic representation of the elec-
tric field lines and migration of particles between two 
cylindrical electrodes. Unlike during vapor deposi-
tion and sputtering, particles migrating between the 
electrodes along the electric field lines can reach the 
backside of the electrodes, and thus, relatively uni-
form deposition layers can be easily formed on sub-
strates with curved or uneven surfaces. Therefore, 
by three-dimensionally controlling the polarity and 
spatial position of the electrodes and electric field 
potential, particles can be led to a specific location 
on a substrate and deposited there.29) Such particle 
assembling by precise control of the electric fields is 
considered a great advantage of the electrophoretic 
process. Fig. 3 shows an example of a deposition 
pattern formed with zirconia (3Y-SZ) nanoparticles 
on a conducting polymer (polypyrrole; PPy) pattern 
electrode formed on silica glass.30, 31)

　Attention is being focused on a process of produc-
ing ceramics onto which the contours and patterns 
of the substrates are transferred. In this process, by 
using the capability of EPD to produce dense green 
bodies, as shown in Fig. 1, and to form deposition 
layers on substrates with cur ved or uneven sur-
faces, particles are deposited on a substrate that has 
been previously processed into the desired form or 
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Fig. 1　Difference in sintering density of zirconia nanoparticles depending on preparation methods.
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Fig. 2　Electric field lines and migration of particles between two cylindrical electrodes.

DC

Fig. 3　 Zirconia particle deposition layer on a polypyrrole (PPy) pattern electrode. (a), (b): cross section by 3D laser 
microscope, (c) stereoscopic microscope image, and (d) SEM image of deposited particles.



KONA Powder and Particle Journal No.28 (2010) 77

impressed with complex patterns in advance. The 
obtained deposition layer and the substrate, which is 
also the electrode, are then sintered together. Fig. 4 
shows a cap-like sintered body that is an example of 
such products. Bimodal alumina powders (particle 
size: 0.6μm + 30 nm) are deposited by the EPD on a 
ceramic substrate coated with PPy, and the deposited 
layer and the coated substrate are then dried and sin-
tered together in air. Because the PPy layers are then 
decomposed during sintering in air, the use of ce-
ramic substrates that have been previously processed 
into the desired shape in advance produces ceramic 
sintered bodies to which the shape of the substrates 
are clearly transferred. Fig. 5 shows an example of a 

free-standing alumina films with the surface pattern 
of a coin produced by this method. An elaborate pat-
tern has been accurately copied onto the film.31)

　Fig. 6 shows a schematic representation of the 
migration and deposition of particles and ions in a 
suspension in an electric field. Particles having an 
electric double layer migrate in a medium. When 
they reach the substrate, they gradually lose the elec-
tric double layer; subsequently, they coagulate and 
are deposited on the substrate. During this process, 
the particles are pressed onto the substrate due to 
the effect of the electric field. Because the cohesive 
power becomes weak if the repulsive potential does 
not significantly decrease, only low-density green 

Fig. 4　 Alumina deposition layer formed onto the ceramic substrate coated with conducting polymer: (a) appearance 
before sintering, (b) surface of deposition layer before sintering, and (c) and (d) appearance after sintering.

Fig. 5　Free-standing alumina film (after sintering) onto which the pattern of a 100-yen coin was copied.
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bodies may be obtained or particles may slip off the 
substrate when the electricity is turned off. Accord-
ing to Hamaker's mass balance law, the weight of 
particles deposited by the electrophoretic process W 
(g) can be expressed by the following equation:32)

dW
dt

= f µCES �(1)

where t is the deposition time (s), μ is the electro-
phoretic mobility (m2V-1s-1), E is the electric potential 
gradient (V/m), C is the amount of the solid phase in 
the suspension (g/m3), S is the electrode area (m2), 
and f is the adhesion probability of particles reaching 
the substrate (0 ≦ f ≦ 1). The electric potential gra-
dient E varies during the particle deposition, and the 
following equation holds between the current in the 
circuit I (A) and the electric conductivity Λ (S/m):

E =
I

SΛ �(2)

The potential applied to the circuit Va decreases due 
to potential drops at the anode and cathode, and also 
by any ohmic loss in the suspension and the solidi-
fied layer. Therefore, the following equation holds 
among them:

Va = ∆φanode + IRsus(d −ds)+ IRsds +∆φcathode � (3)

where ΔΦanode and ΔΦcathode are the potential drops at 
the anode and cathode, respectively; Rsus and Rs are 
the values of the apparent resistance (Ω/m) of the 
suspension and solidified layer, respectively; d is the 
distance between the electrodes; and ds is the thick-
ness of the solidified layer. When the electrophoretic 
process is performed in a constant voltage mode, the 
decrease in the current of the circuit with time indi-
rectly indicates the IR-drop, that is, the progress of 
the particle deposition. In the constant current mode, 
the increase in voltage with time indicates the prog-
ress of the particle deposition.

Fig. 6　Migration and deposition of particles and ions in suspension.
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3. Suspensions Suitable for EPD

　Difficulties in the EPD process can be classified 
into the following four categories: particles do not 
deposit; layers do not thicken; the quality of layers is 
poor; and the layers crack. These are mostly caused 
by problems with the method used for preparing the 
suspensions. Generally, suspensions suitable for the 
EPD process require the following:
　● The particle surfaces are charged. (If the parti-

cles are not charged, they do not migrate by the 
applied electric field.)

　● Particles are well dispersed. (Coagulated sus-
pensions result in low-density deposited bodies.)

　● Suspensions contain excess ions. (Ions other 
than the charged particles lower the transport 
number of the particles. Compression of the 
electric double layer reduces the stability of the 
slurry.)

　● Particles have a high adhesion ability. (Binders 
can be added as necessary.)

Normal colloidal processes often involve aqueous sol-
vents because of their lower cost and environmental 
load, and ease in controlling dispersion and coagula-
tion33 -40). Although aqueous solvents can be used in 
the electrophoretic process, non-aqueous solvents 
are often selected because aqueous solvents evolve 
gases, which cause the formation of pores in depos-
ited bodies due to the electrolysis of water. As stated 
above, the electrophoretic process requires particles 
that have surfaces charged in a liquid. In a few cases, 
stable suspensions with high zeta potentials can be 
prepared by simply adding particles to the solvents 
and stirring. However, in general, to positively or 
negatively charge particles, a proper amount of acid, 
base, or polyelectrolytes having functional groups 
such as amino groups and carboxylic groups on the 
side chains must be added to a solution to which 
powders are added.
　Ceramic particles in solution usually adsorb hy-
droxyl groups on their surfaces. When an acid or 
base is added to the solution, the hydroxyl groups 
on the surfaces are protonated or deprotonated, as 
shown in the following formulas. Thus, the particle 
surfaces are charged positively or negatively.
　(M－OH)+H+↔(M-OH2)＋　   (acidic condition) (4)
　(M－OH)+OH－↔(M-O)－+H2O  (basic condition) (5)
Polyelectrolytes are adsorbed onto the particle sur-
faces, and the side chains of the polyelectrolytes are 
positively or negatively charged according to the 
functional group. Consequently, the particle surfaces 
modified by the polyelectrolytes can be considered 

to have positive or negative charges corresponding 
to the functional group. While acid, base, and poly-
electrolytes have the advantage of producing positive 
or negative charges (which are necessary to electro-
phoresis) to the particle surfaces, they are disadvan-
tageous because the unadsorbed ions compress the 
electric double layers; in this case, the dispersiveness 
of the suspensions becomes worse if they are added 
in excess. Furthermore, excess free ions become the 
majority charge carriers in solution and the transport 
number of the charged particles significantly drops. 
Therefore, special care must be taken not to add 
excess ions because this may prevent particle depo-
sition and thickening of the layers even though the 
EPD is conducted for a long time. Cationic, anionic, 
or nonionic polymers are ofen used as binders. Be-
cause the excess addition of binders also causes the 
poor deposition of particles, a decrease in the layer 
density, and lack of uniformity of layers, the optimum 
amount of binders must be determined by adding 
them in small increments and carefully observing the 
results.

3.1.  Preparation of suspensions using acidic 
phosphoesters

　Phosphate esters are formed by dehydration con-
densation between phosphoric acid (O=P(OH)3) and 
an alcohol (ROH), and all or part of the three hydro-
gen atoms in the phosphoric acid are substituted by 
organic groups R. Phosphate esters having one, two, 
and three substituents are called monophosphate 
esters, dishosphate esters, and triphosphate esters, 
respectively. Of these, the monophosphate esters and 
dishosphate esters are also called acidic phosphate 
esters because they easily lose protons due to the 
dissociation of the O-H bond of the hydroxyl groups 
bounded to the  phosphorus; conseqyently, they act 
as relatively strong acids even in organic solvents30, 

31).　
　O=P(OR)(OH)2↔ O=P(OR)(OH)O－+H+ ↔ O
　=P(OR)O2－+2H+ (6)
　O=P(OR)2OH↔ O=P(OR)2O－+H+ (7)
In suspensions to which acidic phosphate esters are 
added, dissociated protons H+ in organic solvents are 
adsorbed onto the particle surfaces to produce the  
positive charges. When the adsorbed amount of pro-
tons becomes saturated and the concentration of pro-
tons in the solution becomes excessive, the degree of 
dissociation declines and an excessive increase in the 
ionic strength of the solution can be avoided.
　Fig. 7 shows the relationship between the amount 
of butyl acid phosphate (JP-504; Johoku Chemical 
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Co., Ltd.) added and the pH and electric conductivity 
of a suspension of PZT (average particle size: 93 nm; 
Sakai Chemical Industry Co., Ltd.)28). At first, the pH 
and electric conductivity significantly change with the 
addition of the phosphate ester, but the changes slow 
down when the added amount reaches about 0.4wt%. 
The zeta potential at this level is shown in Fig. 8. 
It represents the zeta potential that reaches a peak 
when the added amount reaches about 0.4wt%. A 
comparison showed that the adsorption equilibrium 
can be easily determined by monitoring the changes 
the pH and electric conductivity of the slurry when 
adding the phosphate esters. Fig. 9 shows the re-
lationship between the deposited weight of the PZT 
particles on a 304 stainless steel substrate and the 

amount of added phosphate ester (Experimental con-
ditions: concentration, 1.3 vol; applied voltage, 100 V; 
area of a substrate, 4cm2; and energized time, 4min). 
The deposited weight of the particles reaches a local 
maximum at 0.4wt% of the amount of added phos-
phate ester and then decreases once, but increases 
again with the addition of excess phosphate ester. 
When the slurry to which the added phosphate ester 
in excess was used in an experiment, the adhesive-
ness of the particles to the stainles steel substrate 
was so strong that the deposited layers could not be 
easily wiped off with a Kimwipe®wipe paper. This 
may be because phosphate esters have the effect of 
enhancing the affinity to metals. A dense PZT ceram-
ics was obtained after sintering at 1250℃ and the fol-
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lowing properties were observed; the remanent po-
larization, Pr, was 38mC/cm2; and the coercive field, 
Ec, was 20kV/cm. No influence of residual phospho-
rous impurities (0.41wt% of phosphate ester addition) 
was observed28).

3.2 Preparation of binder-free suspensions
　If binders are added to the suspensions, in some 
cases they must be removed during the subsequent 
heating or sintering process. Although a normal 
binder-removal treatment usually involves heating at 
773 K or higher, the heat treatment must be avoided 
in some cases. For example, in the case of photoelec-
trodes for dye-sensitized solar cells (DSSCs), which 
are formed by the deposition of titania (anatase) onto 
transparent indium tin oxide (ITO) transparent elec-
trodes, the heat treatment temperature is restricted 
to 673 K or less to prevent a drastic drop in the 
electric conductivity of the ITO. Such cases require 
binder-free suspensions having a good stability and 
adherence 41, 42).
　A mixed solvent system of 2,4-pentanedione (acety-
lacetone) and 2-propanol is a dispersion medium that 
allows control of the particle dispersion by simply 
varying the mixing ratio. Fig. 10 shows the appear-
ances of suspensions having various solvent mixing 
ratios, in which titania nanoparticles (TiO2, average 
particle size: 30 nm; NanoTek) were dispersed using 
an ultrasonic homogenizer. The solutions stood for 

two weeks after the dispersion. The figure indicates 
that the suspensions become stable when the sus-
pensions contain 20 to 50 vol% of 2-propanol. Fig. 11 
shows the relationship between the electrophoretic 
mobility of these nanoparticles the mixed solvents 
of 2,4-pentanedione and 2-propanol, and the mixing 
ratio of the solvents. The electrophoretic mobility 
shows the highest value at the mixing ratio of 50:50, 
suggesting that the surface charges of titania reach a 
peak at that ratio. The amount of protons generated 
by the keto-enol tautomerism of 2,4-pentanedione 
(represented in the following equation) and the 
amount of protons adsorbed onto the titania particles 
was balanced 43).

 (8)

Measurement of the electric conductivity demonstrat-
ed that there are a few excess ions when the ratio of 
2-propanol is lower than the mixing ratio of 50:50, and 
excess ions in the solution increase when the ratio of 
2-propanol becomes higher. Fig. 12 is an example of 
a uniform titania nanoparticle membrane formed on 
an ITO substrate using a suspension prepared with 
a solvent whose mixing ratio is 50:50. Even though 
binders were not added to the suspension, this mem-
brane did not detach from the substrate even after 
heat treatment at 673 K, and it had a good adherence.

Fig. 10　 Sedimentation test for dispersiveness of titania nanoparticles in a mixed solvent system of 2,4-pentanedione and 
2-propanol (after two weeks).
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Fig. 12　Appearance and cross section of titania membrane formed on ITO glass (sintered at 673 K for 2 h).
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4. Use of Modulated Electric Fields

　Although normal EPD processes involve a con-
tinuous direct current (DC), microstructure control 
of the deposited layers by using modulated electric 
fields such as pulsed DC electric fields 44 -47) and 
asymmetric alternating current (AC) electric fields 
48) has recently been receiving attention. This study 
investigated the influence of applying of a square 
wave and a continuous wave, as shown in Fig. 13, on 
deposited layers using a Source Meter (Model 2611; 
Keithley Instruments). Fig. 14 shows the deposited 
layers formed from an aqueous suspension (pH 4.5) 
of alumina (AKP-50, average particle size: 0.2μm; 
Sumitomo Chemical Co., Ltd.) on SUS316L cathode 
substrates by applying a square-wave current having 
20 V/0 V of ON/OFF voltages and the same pulse 
width of the ON/OFF time for 3 min in total 44). While 
a continuous current without a pulse caused forma-

tion of an unlimited number of bubbles on the sur-
face of the deposited layers due to the electrolysis of 
water, the formation of bubbles was inhibited as the 
pulse frequency increased. The formation of bubbles 
was completely inhibited at a certain pulse frequency 
and a smooth deposited layer was obtained. When 
the pulse frequency was further increased, the par-
ticles did not deposit. In other words, the optimum 
values of the pulse frequency were within a certain 
range. When an increasing voltage was applied, the 
optimum values shifted to higher frequencies and the 
suitable range became narrower. The same results 
were obtained in a constant-current condition.
　Fig. 15 shows the conditions where good-quality 
deposited layers having no bubbles were obtained 
when applying DC pulses in the constant-current 
mode. Alternatively, when par ticles negatively 
charged by the addition of the anionic dispersants 
were deposited onto the anode, the formation of bub-
bles could be inhibited by optimizing the pulse fre-
quency. Although this mechanism is still under study, 
it is believed that the evolution of hydrogen due to 
the dissociation of water (H2O→H++OH－) is prevent-
ed under the conditions depicted in the diagonally 
shaded area of Fig. 15 by fast switching between 
ON and OFF. Thus, particles continue to migrate dur-
ing the OFF time due to an inertial force, and reach 
the substrate, resulting in formation of deposited 
layers having no bubbles. This suggests that the use 
of modulated electric fields may become more im-
portant in order to convert conventional nonaqueous-
solvent processes to aqueous-solvent processes that 
have a lower environmental load 46),49).
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this study (left).

Fig. 14　 Relationship between pulse width and deposited layers formed by pulsed DC EPD from an aqueous suspension 
of alumina on an SUS substrate (ON/OFF voltage = 20 V/0 V, 3 min in total) (right).
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5. Textured Ceramics

　The controlled development of a texture is one of 
the ways for effectively improving various proper-
ties50 -52). Textured ceramics have been produced by a 
variety of techniques; such as tape casting, hot forg-
ing and templated or seeded grain growth. 50) Recent-
ly, we have demonstrated that the crystal orientation 
of feeble magnetic materials such as alumina can be 
controlled by colloidal processing in a high magnetic 
field. 52 -54)

　The principle of the process is that a crystal with 
an anisotropic magnetic susceptibility will rotate to 
an angle minimizing the system energy when placed 
in a magnetic field. The magnetic torque T attributed 
to the interaction between the anisotropic susceptibil-
ity and a magnetic field is estimated by Eq. (9) 52).

　T = -ΔχVB2sin2ɵ / 2µ0 (9)

where Δχ, (= lχa,b－χc l ) is the anisotropy of the 
magnetic susceptibilities which are measured for 
the  a,b-axis (χa,b) and c-axis (χc ), V is the volume of 
the materials, B is the applied magnetic field, ɵ is the 
angle between the easy magnetization axis in a crys-
tal and imposed magnetic field direction, and μ0 is the 
permeability in a vacuum. This magnetic torque is 
the driving force for the magnetic alignment.

　To obtain the oriented materials with feeble mag-
netic susceptibilities, the following conditions are 
necessary: 52) 1) the crystal structure should be non-
cubic in order to apply the anisotropic magnetic sus-
ceptibilities, 2) the particle should be a single crystal 
and well dispersed, 3) the viscosity of the suspension 
should be low enough to rotate the particles with 
a low energy, and 4) grain growth is necessary to 
obtain a highly oriented structure especially when a 
spherical particle is used. We have fabricated many 
kinds of oriented ceramics by the slip casting in a 
high magnetic field followed by sintering, such as 
Al2O3, TiO2, ZnO, AlN, SiC, Si3N4, etc., 52 -64)  their com-
posites, 60,65)  and multi-component ceramics by reac-
tion sintering 66). However, when we use whisker or 
plate-like particles, special attention is necessary due 
to the effect of gravity energy67,68) that is the highest 
energy in the colloidal dispersion system69). The ef-
fect also strongly depends on the easy magnetization 
angle, which has been described elsewhere.68)

　We have demonstrated that EPD in a high mag-
netic field is an excellent method to fabricate thick 
crystalline textured ceramic bodies.70 -78) The direc-
tion of the electric field relative to the magnetic field 
(the angle between the vector E and B) was altered 
(0, 45, 90°) to control the dominant crystal faces as is 
shown in Fig. 16.
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　Fig. 17 shows the variation in the XRD patterns 
of the top planes with the angle between the direc-
tions of B and E, where the α-alumina(particle size 
of 0.2μm) was deposited in 10 T followed by sintering 
at 1873 K. The Φηkl of the appeared peaks are also 
shown in the figure. When the E is parallel to B (φB

－E=0°)), the diffraction peaks of the planes at low 
interplanar angles (Φηkl is close to 0°) are predomi-
nant. When the Φηkl is changed to 45°, the dominant 
diffraction peaks change to the planes of the interme-
diate interplanar angles (φB－E ιs close to 45°). When 
E is perpendicular to B (φB－E =90°)), the dominant 

diffraction peaks changed to the planes of high in-
terplanar angles (Φηkl is close to 90°). These results 
clearly show that the dominant crystal faces can be 
controlled by varying the angle of E and B.
　Fig. 18 shows an example of textured laminated 
alumina prepared by EPD in a high magnetic field. 
Here, the cross-sectional microstructure was pre-
pared by alternately changing φB－E=0°/ 90° layer by 
layer. It is seen that the microstructure well-reflects 
the change in φB－E during the deposition 73).
　The combination of the orientation and lamination 
is one of the possible ways of the tailoring the micro-

Fig. 16　Schematic of　EPD in a strong magnetic field.

Fig. 17　Changes in the XRD patterns of the top planes with the angle between the direction of B and E.
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structure for the improvement of the mechanical, 
dielectric, and thermo-electric properties, etc.74 -76)

6. Summary

　Recently EPD has received a significant amount 
of attention for fabricating highly structured con-
trolled ceramics resulting in advanced ceramics. The 
process is a simple, easy to use and cost-eefective 
method of deposition. Here, the preparation of sus-
pensions suitable for EPS is very important. In this 
review we have introduced our recent results; (1) the 
stable Pb(Zr,Ti)O2 /ethanol suspension is prepared 
by the addition of phosphate esters and a good film 
is fabricated by the subsequent EPD process, (2) the 
stable TiO2/(2-propanol +2.4-pentanedione acetylac-
etone) suspension is prepared without dispersants 
and a good film is also fabricated by the subsequent 
EPD process , (3) a film without voids is prepared by 
the appropriate tpulsed DC EPD using an aqueous 
suspension,  and  (4) the laminated textured ceramics 
is fabricated by the EPD in a strong magnetic field. 
These techniques are expected to be applicable for 
various fields.
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Abstract

　Recent advances in nanotechnology offer nano sized or nanostructured pharmaceutical particles, 
being as small as the size of cells such as receptors or nucleic acids, which can be engineered to pro-
vide enhanced ef ficacy, solubility, or biocompatibility, and to administer at much lower dosages. 
However, industrial production of these particles is still challenging. Among dif ferent techniques, 
aerosol based ones might be favorable since they are considered as contamination free processes 
and do not interfere with complex molecules of drugs. We, in this review, consider liquid atomiza-
tion, where droplet formation is followed by conversion into solid particles. The best candidate is a 
method, which not only produces mono sized droplets with a diameter smaller than the inside nozzle 
diameter but also generates small enough start up sizes. Such a method is found in: Electro-Hydrody-
namic Atomization (EHDA) or Electrospraying. Electrospraying is now a well practiced technique 
for producing very fine monodisperse droplets from a liquid under the influence of electrical forces. 
By controlling the liquid flow rate and the electrostatic potential between the liquid and the counter 
electrode, droplets within a narrow size range can be generated, while the mean diameter ranges 
from nanometers up to several micrometers. Besides generating monodisperse droplets, electrosprays 
are also distinguished by their self dispersing nature due to Coulomb repulsion, the possibility of tra-
jectory control of the produced charged droplets, and the reduced risk of nozzle clogging due to the 
large size of the orifice compared to the size of the droplets. We will discuss different spraying modes 
depending on the strength of the electric stresses relative to the surface tension stress on the liquid 
surface and on the inertia of the liquid leaving the nozzle. However, for the production of monodis-
perse nanoparticles the so called cone-jet mode will be explained in depth. Scaling laws can be used 
to estimate the operational conditions for producing nanodroplets of a certain size. Hartman and co-
workers refined the scaling laws for EHDA in the Cone-Jet mode using theoretically derived models 
for the cone, jet, and droplet size. By means of several examples, a generic way to produce nanopar-
ticles, via scaling laws, from a multitude of different precursors will be discussed. Several examples of 
medicine particles with different properties made by EHDA will be given. Processes based on bipolar 
coagulation, where oppositely charged carrier particles and nano sized active agents are brought 
together to form composite drugs, will be discussed. Finally some attention will be given to challenges 
on out-scaling of EHDA methods for industrial production.

Keywords:  EHDA, electrospray, micro droplets, nanoparticles, drug, inhalation

Producing Pharmaceutical Particles via Electrospray-
ing with an Emphasis on Nano and Nano Structured  

Particles - A Review†
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Introduction

　During the last several decades, focus on particle 
technology switched from macro to micro and micro 
to nano scales due to significant differences in the 
physical (electrical, optical, magnetic, chemical and 
mechanical) properties realized in the nano scale. 
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The pharmaceutical industry as well took advantage 
of this shift in scale, in order to design medications or 
drug delivery vehicles to provide enhanced efficacy, 
higher stability, solubility, or biocompatibility and 
to administer at much lower dosages. Besides the 
particle size, well defined particle size distributions 
are useful in the production of numerous industrial 
products. For example, It is known that pharmaceu-
ticals of distinct and narrow particle size distribution 
have robust properties with a predictive time release 
to the body. Micro drug particles may have additional 
functionalities and therapeutic ef fects when they 
are coated with nano particles or attached to vari-
ous molecules such as proteins, peptides, and DNA. 
By organizing nano particles in a matrix, intelligent 
drugs can be built for sustained (controlled) delivery 
and enhanced efficacy. However, it still remains chal-
lenging to produce them on an industrial scale. Many 
of the medical formulations are prepared and con-
verted into particles from a liquid base. Atomization, 
disintegration of a bulk liquid in to fine droplets can 
be achieved by use of several forces. In this paper 
we will provide a brief summary of atomization tech-
niques and concentrate only on nano or nano struc-
tured medical/pharmaceutical particles produced 
via electrohydrodynamic atomization (EHDA) and 
provide examples of potential EHDA applications in 
the medical industry. 

Forming particles / powders

　Particle generation can be done either via bottom 
up, i.e. molecular building blocks or top down, i.e. 
cutting up bigger structures. In the top down way, 
either bulk solids are broken into small pieces, as in 
milling, or liquids are disintegrated into fine droplets 
with suitable methods, as in atomization. A recent 
publication by Biskos et al. (2008) gives a general 
overview of production and measurement techniques 
of nano and micro aerosol particles.
　Star ting point for generating pharmaceutical 
particles of well-defined morphology and chemical 
composition are liquid solutions of a specified chemi-
cal composition. Disintegrating these solutions can 
be achieved by atomization using several techniques 
and these methods will be briefly discussed in the 
next section. Droplets formed via atomization are 
subsequently dried to form solid particles by crys-
tallization. Various techniques can be used to dry 
pharmaceutical solutions and obtain powders with 
significantly dif ferent powder characteristics. The 
most common techniques are spray-freeze drying 

(sublimation), spray drying (evaporation), supercriti-
cal fluid drying (precipitation), and spray pyrolosis. 
Among them the spray drying is the most economi-
cal and suitable method for powder production. Spray 
drying involves atomization, evaporation, and col-
lection. Depending on the primary droplet size and 
solute concentration of the primary droplets, solid 
nanoparticles of different diameters can be gener-
ated. To produce nanoparticles the initial droplet size 
should be already fairly small, because otherwise the 
begin concentration has to be unacceptably low. One 
should realize that the diameter of the final particle 
after drying equals the diameter of the initial droplet 
times the cube root of the volumetric concentration 
of the non-volatile material (van Erven et al. 2005). 
For example, to form a nano sized solid particle, a 
droplet with an initial size of less than 1 micro meter 
from a solution with or with less than 0.1 weight per-
cent is needed. The choice of atomizer mainly affects 
the primary droplets size, and size distribution of the 
spray, which is very important for the uniformity and 
quality of the dried powder.

Atomizers

　Atomizers suitable for aerosol based processes 
can be categorized depending on the forces applied 
to breakup the liquid into small airborne droplets 
(Hinds 1999); i.e. pneumatic, ultrasonic, and electri-
cal. They produce relatively smaller primary droplets 
(with a size distribution between 1 and 100μm in 
diameter), making them suitable for use in aerosol-
based applications in nanotechnology (Biskos et al. 
2008). However, the relatively low particle concentra-
tion of the produced aerosols restricts these methods 
for applications that require only small amounts of 
particles 
　In pneumatic atomizers, the high forces occurring 
at the air-liquid interface cause the solution to break-
up into small liquid droplets which become airborne 
and are carried away by the air flow. The particles 
generated by pneumatic atomization are polydisperse 
(with a geometric standard deviation of the size dis-
tribution, σg , of 1.4 or greater). If their size has to 
be controlled within a narrower range, a classifier has 
to be employed downstream of the particle genera-
tor. In pneumatic atomizers the droplet size not only 
depends on viscosity, surface tension and density, but 
also on atomization pressure and orifice size, thus 
requiring very small orifices and high pressure drops 
to form very small droplets (Lefebvre 1989).
　In ultrasonic atomizers, a solution is broken up to 
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micron-sized droplets by ultrasonically vibrating its 
air-liquid interface, to create capillary waves. A parti-
cle-free air-stream is passed over the solution to take 
away the generated airborne particles. The diameter 
of the primary droplets produced is a function of the 
frequency of vibration and the physical properties of 
the solution, i.e., surface tension, viscosity and den-
sity. Compared to pneumatic atomizers, ultrasonic 
atomizers can generate relatively monodisperse par-
ticles (σg of less than 1.2). Although the performance 
of ultrasonic atomizers remains inherently stable, and 
although they are suitable for inhalation purposes, 
coating and spray drying applications, their greatest 
drawback is low particle number concentration and 
increasing temperatures at prolonged operations. 
Ultrasonic atomizers can produce monodispersed 
bioactive, biocompatible, and biodegradable micro/
nano particles appropriate for use in drug delivery 
systems, or for surface coatings in the implant and 
electronics industry (Felder et al. 2003, Forde et al. 
2006, Freitas et al. 2004, Friend et al. 2008). Ultra-
sonic atomization is more suitable for low-viscosity 
liquids and low temperature applications. Recent re-
views of ultrasonic droplet formation are provided by 
Biskos et al. 2008, Barreras et al. 2002, and Yule & Al-
Suleimani  1997.
　Electrohydrodynamic atomization (EHDA), or 
electrospraying, is a process where liquid can be 
disintegrated into uniformly sized droplets under 
the influence of electrical forces in a very controlled 
fashion. EHDA comes with plenty of unique advan-
tages in comparison to the conventional systems, 
one of them being the narrow size distribution. This 
uniqueness makes it suitable for many industrial and 
academic applications. Depending on the flow rate 
and liquid properties, the main droplet size produced 
ranges from nanometers with production frequencies 
in the order of 109 Hz to hundreds of micrometers 
with production frequencies of about 104 Hz. Besides 
generating monodisperse droplets, electrosprays are 
also distinguished by their self dispersing nature due 
to Coulumbic repulsion, the possibility of trajectory 
control of the produced charged droplets, and the 
reduced risk of nozzle clogging due to the large size 
of the orifice compared to the size of the droplets. 
EHDA can be operated in many environmental con-
ditions, but mainly in the ambient conditions, thus 
overcoming possible degradation of drugs under 
extreme operating conditions.  Since EHDA offers 
many (potential) applications it will be described in 
more detail. 

History of Electrohydrodynamic Atomization 
(Electrospraying)

　The phenomenon of an electric effect on liquid me-
nisci is known since the sixteenth century. William 
Gilbert reported in 1600 the interaction between a 
water droplet and a piece of amber held closely to it, 
leading to a conical shaped droplet. In the beginning 
of the 20th century Zeleny (1914, 1915, 1917) demon-
strated fine droplet formation from a conical shaped 
meniscus, transformed from a hemispherical menis-
cus under an electrical stress. In the middle of the 
same century, theoretical and experimental works 
followed by Taylor (1964), Vonnegut and Neubauer 
(1952). It became a subject of thousands of research 
papers including disser tations (Meesters 1992, 
Geerse 2003, Hartman 1998, Wilhelm 2004), books 
(Bailey 1988, Michelson 1990), and special issues are 
dedicated to review the theory and applications of 
the electrospray in the Journal of Aerosol Science (is-
sues 25 (1994) and 30 (2000)). Here we provide only 
highlights, and for details the reader is referred to 
the early reviews on particle generation via electro-
spray (Kozhenkov and Fuks 1976, Smith 1986, Grace 
and Marijnissen 1994) and more recent overviews 
of electrospray and its applications (Jaworek 2007, 
de la Mora 2007). The interest in electrospray pro-
gressively increased by the Nobel winning work of 
Fenn on Mass Spectroscopy for detection of macro-
molecules. Scaling laws for electrospraying of liquids 
were developed, to predict the characteristic size of 
the produced droplets on forehand (de la Mora and 
Loscertales 1994, Gañán-Calvo et al. 1997, Hartman 
1999, Chen and Pui 1997). The developed scaling 
laws refer to the so called cone-jet mode, one of the 
modes that can be obtained in electrospray, and is of 
great interest due to its steady operation. 

Electrospray modes

　In EHDA, where as already mentioned a liquid jet 
breaks up into droplets under influence of electrical 
forces, dif ferent spraying modes can be obtained 
depending on the strength of the electric stresses 
relative to the surface tension stress on the liquid 
surface and on the kinetic energy of the liquid leav-
ing the nozzle (Zeleny 1914, 1915, 1917, Cloupeau 
and Prunetfoch 1994, Grace and Marijnissen 1994). 
For the production of monodisperse nanoparticles 
the so called cone-jet mode is desirable. In this mode 
the liquid is typically delivered through a nozzle at a 
flow rate of the order of μl/hr to ml/hr, and an elec-
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tric field is applied between the nozzle and a counter 
electrode. This electric field induces a surface charge 
in the growing meniscus created at the nozzle. 
Due to this surface charge and the electric field, an 
electric stress is created on the liquid-air interface. 
Depending on the electric field strength and the 
liquid flow rate, the electric stress can overcome the 
surface tension stress and transform the shape of the 
liquid surface to a cone, i.e., the Taylor cone (Taylor 
1964). The tangential component of the electric field 
accelerates the charge carriers at the liquid surface 
toward the cone apex. These ions collide with liquid 
molecules, thereby accelerating the surrounding liq-
uid. As a result, a thin liquid jet emerges at the cone 
apex (Zeleny 1914, 1915, 1917). See Fig. 1.
　Besides, the aforementioned cone jet mode several 
other modes exist. As we will only make use of the 
cone jet mode for the production of nano particles, 

we will only briefly mention them. Which mode ap-
pears depends on the system parameters (flow rate, 
field strength, liquid properties). The earliest classifi-
cation is reported by Hayati et al. 1987(a and b). The 
classification mostly used is made by Cloupeau and 
Prunet-Foch (1994) and based on the spraying ge-
ometry. However, there are also classifications based 
on characteristic time constants (Shiryaeva and Gri-
gorev  1995) and its combination with a geometrical 
factor, (Jaworek and Krupa 1999), and also based on 
the emitted currents (Juraschek and Röllgen 1998). 
The electric field intensity near the tip of the nozzle 
plays a major role determining the operation mode, 
with the nozzle dimensions being a critical factor. 
Based on flow rate and applied potential, starting 
from zero potential, dripping, and by increasing the 
potential, fast dripping, intermittent cone jet (Fig. 2), 
cone jet (Fig. 1 and 6), and multi jet modes (Fig. 3) 

Fig. 1　 Electrospray in the cone jet mode, with an increasing voltage at a constant flow rate, the meniscus converges to a 
conical shape at the apex of which a stable continuous jet emerges and breaks into droplets. Ethanol electrospray 
recorded with a Photron SA-1 high speed camera. Gauge 22 Nozzle (EFD) inner/outer diameter 0.41/0.72 mm 
diameter ; + 3.3 kV applied potential; 3 cm distance from needle tip to counter electrode; flow rate 1 mL/h.

Fig. 2　 Electrospray in the intermittent cone jet mode, a cycle starting from a hemispherical meniscus followed by forma-
tion of a jet, breaking into droplets, and cone relaxing into the meniscus. Ethanol electrospray recorded with a 
Photron SA-1 high speed camera. Gauge 22 Nozzle (EFD) inner/outer diameter 0.41/0.72 mm diameter ; + 3  kV 
applied potential; 3 cm distance from needle tip to counter electrode; flow rate 1 mL/h.
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speed camera. Gauge 22 Nozzle (EFD) inner/outer diameter 0.41/0.72 mm diameter ; + 3.3 
kV applied potential; 3 cm distance from needle tip to counter electrode; flow rate 1 mL/h.  

Figure 2 Electrospray in the intermittent cone jet mode, a cycle starting from a 
hemispherical meniscus followed by formation of a jet, breaking into droplets, and cone 
relaxing into the meniscus. Ethanol electrospray recorded with a Photron SA-1 high speed 
camera. Gauge 22 Nozzle (EFD) inner/outer diameter 0.41/0.72 mm diameter ; + 3  kV 
applied potential; 3 cm distance from needle tip to counter electrode; flow rate 1 mL/h.  
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can be realized (Grace and Marijnissen 1994). Micro 
dripping, simple jet, spindle (Fig. 4) and ramified 
jet modes can also be seen depending on the fluid 
properties and flow rate. It should be noted that nei-
ther for all liquids each mode may occur nor that the 
modes are always realized in this systematic order. 
The cone-jet is as aforementioned the most interest-
ing electrospraying mode and its stability makes it 
useful for various applications; production of par-
ticles, printing of bio-molecules, and precision deposi-
tion methods. The cone jet mode allows the produc-
tion of aerosols within a very large range of droplet 
sizes for a very wide range of liquid properties in 
terms of conductivity, viscosity and surface tension. 

The size distribution of the particles produced can be 
monodisperse, but depending on the experimental 
conditions, can be bimodal or polydisperse. Due to 
the excess of surface charge in the liquid cone and 
jet, the droplets are highly charged. 

Scaling of droplet size and current in the cone 
jet mode

　In the past, several attempts have been made to 
model the cone-jet mode, both analytically and nu-
merically. Various equations have been derived, to 
estimate the produced main droplet size, and to es-
timate the electric current through a liquid sprayed 

Fig. 4　 Electrospray in the spindle mode, a cycle starting with a meniscus followed by formation of a jet, breaking into 
droplets, ligament breaking from cone, and cone relaxing into meniscus. Ethanol/water (70/30% by volume) elec-
trospray recorded with a Photron SA-1 high speed camera. Gauge 22 Nozzle (EFD) inner/outer diameter 0.41/0.72 
mm diameter ; + 3.5 kV applied potential; 3 cm distance from needle tip to counter electrode; flow rate 1 mL/h.

Fig. 3　 Electrospray in the multi jet modes, number of jets increases as the potential difference increases, a) multi jet 
mode, b) rim emission mode. Ethanol electrospray recorded with a Photron SA-1 high speed camera. Gauge 22 
Nozzle (EFD) inner/outer diameter 0.41/0.72 mm diameter ; a) + 4 kV and b) 5 kV applied potential; 3 cm distance 
from needle tip to counter electrode; flow rate 1 mL/h.
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in the Cone-Jet mode as function of liquid properties 
and flow rate. Combining dimension analysis with ex-
perimental results, de la Mora and Loscertales (1994) 
found relationships for liquids with relatively high 
conductivities. Also, based on dimensional analysis 
and experimental results, Gañán-Calvo et al. (1997) 
found two different relations for the droplet size and 
current. Highly conductive liquids or highly viscous 
liquids were found to behave differently from liquids 
with a low conductivity and a low viscosity. In order 
to judge, which relation is valid, they introduced the 
following dimensionless number,

　 (
γ3 ε2

0
µ3 K2 Q

)
1
3 （1）

where, Q is liquid flow rate [m3 s-1], K is conductiv-
ity [S m-1], εo is electric permittivity of a vacuum [C2 
N-1 m-2 ], γ is surface tension [N m-1], and μis the 
absolute viscosity of the liquid [Pa s]. This dimen-
sionless number, viscosity number (VN) as called 
by Hartman (1998), is formed from multiplication of 
two dimensionless numbers, the ratio of flow rate to 
a characteristic flow rate and the viscous dimension-
less parameter. The viscous dimensionless parameter 
is interpreted as the ratio of two characteristic veloci-
ties: the characteristic velocity in the liquid bulk and 
the propagation velocity of a perturbation across the 
jet by viscous dif fusion (Gañán-Calvo et al. 1997). 
The viscosity number as interpreted by Hartman 
(1998) represents the ratio of the change in kinetic 
energy of the liquid jet in the axial direction over the 
change in viscous stress in the radial direction. If the 
viscosity is high or the conductivity is high, then this 
ratio is relatively low. The size of the jet diameter is 
mainly determined by the liquid flow rate, and the 
liquid conductivity. The higher the viscosity, and the 
smaller the jet radius so for higher conductivity, the 
smaller the difference between the axial liquid veloc-
ity in the jet center and this velocity at the jet surface 
becomes. The radial profile of the axial liquid velocity 
will then be almost flat. Gañán-Calvo (2004) investi-
gated various scaling laws and data from them with 
an attempt to unify them, and found that the effect of 
permittivity is negligible unless polarity is important. 
Recent summaries of scaling laws for droplet size and 
current in the cone-jet mode are given by Chen & Pui 
(2010) and with more emphasis by de la Mora (2007). 
However some papers contributing to the scaling 
laws are overlooked in the latter.
　Using his physical numerical model Har tman 
(1999) derived theoretically the following electric 
current scaling law for Newtonian liquids with a flat 

radial velocity profile in the jet 

　 I∗ = b(γKQ)0.5  (2)

I* is the electric current for a jet with a flat radial 
profile of the axial fluid velocity. The difference with 
the scaling laws of de la Mora and Loscertales (1994) 
and of Gañán-Calvo et al. (1997) is that the liquid 
permittivity has completely disappeared from the 
scaling law. However, as mentioned Gañán-Calvo 
came in 2004 with comparable conclusions. By us-
ing equation (2) and experimental results of Gañán-
Calvo et al. (1997) and of Hartman (1999) for “b” a 
value of approximately 2.17 is found. Yielding, .　
I∗ = 2.17(γKQ)0.5

　For liquids where the radial velocity profile is not 
flat Hartman (1998) found

　I = 0.41I∗ +
0.24I∗2

Ez,max KQ
(Ar2

j0.41 +B)� (3)

Where I* is the current for a flat radial profile of the 
axial velocity (equation 2) and Ez,max, rj0.41, A and B are 
all functions of known parameters. For the derivation 
of equation 3 and the computation of the different 
terms see the Appendix.
　The value of I/ I* can be found much faster by us-
ing Fig. 5, representing, I/ I* as a function of the 
viscosity number. Curve fitting these data composed 
of experimental values with the least squares method 

yields I∗

I
= 1−0.1∗V N0.45 . For a certain VN, the 

value I/ I* can be determined graphically or by us-
ing the formula. As seen in Fig. 5, the points start to 
scatter around a viscosity number of 10. Fig. 5 may 
be safely used till a value of VN of 10.

Scaling laws for the size

　Since the initial droplet size is one of the most 
decisive factors for the end product size, and EHDA 
quality, an empirical or semi-empirical equation for 
predicting the droplet size will be very useful. Works 
of Cloupeau and Prunet-Foch (1994), Rosell-Llompart 
and de la Mora (1994), Chen and Pui (1997) and 
Gañán-Calvo et al. (1997) provided earliest semi-
empirical models for the mean droplet size. For the 
droplet size in the cone jet mode, Hartman (1998) 
also derived scaling laws. The jet break-up mecha-
nism depends on the ratio of the electric normal 
stress over the surface tension stress. At low values, 
the jet breaks up due to varicose instabilities. At high-
er values, the jet starts to whip. The jet break up is 
now influenced by both varicose and kink instabilities 
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(de la Mora and Loscertales 1994; Rosell-Llompart 
and de la Mora 1994; Tang and Gomez 1994; Hart-
man et al. 2000). The threshold value of the stress 
ratio above which the jet starts to whip is not sharply 
defined but it is around 0.3 (or 0.24 for whipping of 
the filament). Geerse (2003) also reports that for a 
stress ratio between 0.2 and 0.3 the jet starts to whip. 
A smaller stress ratio yields varicose break up, while 
a higher stress ratio leads to whipping breakup. In 
the whipping break up mode the size distribution of 

the main droplets is wider than in the varicose break 
up mode. 
　The scaling law for the droplet size in the varicose 
jet break-up (Fig. 6-a) mode as found by Hartman et 
al. (2000),

　dd,varicose = cd(
ρ εo Q4

I2 )
1
6  (4)

where cd is a constant, and dd,varicose means the diam-
eter of the droplet, of which the volume is composed 

Fig. 5　  Viscosity number vs. I/I* - experimental data & curve fit    I
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Figure 6  Electrospray in the cone jet mode a) varicose break up and b) whipping jet 
break up. Ethanol electrospray recorded with a Photron SA-1 high speed camera. Gauge 22 
Nozzle (EFD) inner/outer diameter 0.41/0.72 mm diameter ; a) + 3.2 kV,  b) 3.3 applied 
potential; 3 cm distance from needle tip to counter electrode; flow rate 1 mL/h.  
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Fig. 6　 Electrospray in the cone jet mode a) varicose break up and b) whipping jet break 
up. Ethanol electrospray recorded with a Photron SA-1 high speed camera. Gauge 22 
Nozzle (EFD) inner/outer diameter 0.41/0.72 mm diameter ; a) + 3.2 kV,  b) 3.3 ap-
plied potential; 3 cm distance from needle tip to counter electrode; flow rate 1 mL/h.
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of a primary (main) droplet and, if present, its sec-
ondary and satellite droplets. Since the volume of the 
main droplet is much bigger than the volume of the 
secondary droplets and satellites, and because the di-
ameter scales to the volume to the power ⅓, dd, varicose 
is close to the primary (main) droplet size. The con-
stant cd was found to be in the range of 1.76 to 2.05. 
　Assuming that the radial profile of the axial fluid 
velocity in the jet is flat, then the current scales ac-
cording to equation (2) , and relation (4) yields 

　dd,varicose =
cd

b1/3 (
ρ εo Q3

γK
)1/6
� (5)

Since b and cd both have values close to 2, by approxi-
mating them by 2,  giving less than 15% deviation, (5) 
becomes 

　dd,varicose = (
16ρ εo Q3

γK
)1/6  (6)

For the whipping jet break-up mode (Fig. 6-b) Hart-
man (1998) derived the following the droplet size 
scaling law:

　dd,whipping = (0.8
288εo γ Q2

I2 )1/3 � (7)

where, dd,whipping is the droplet size predicted for a jet 
that breaks up in the whipping jet break-up mode. 
Again the droplet size represents a droplet with the 
total volume of the primary, secondary and satellite 
droplets. The constant 0.8 was calculated from the 
measured droplet sizes. However, other measure-
ments of Gomez and Tang (1994), and Gañán-Calvo 
et al. (1997), indicate that this value can also be 0.49 
or 0.64.
　As indicated already the threshold between the 
varicose and whipping breakup is not sharply de-
fined. However, which of the two droplet size scaling 
laws, equations (7) and (6), should be used, can eas-
ily be deduced by calculating both droplet sizes. The 
equation that yields the smallest droplet size is the 
appropriate one. This indicates whether the jet is in 
the varicose mode or in the whipping mode.   

Estimation of particle size from a solution

　For a spherical droplet, a simple derivation relates 
the diameter of the (final) solid particle (dp) after 
drying to the primary droplet diameter (van Erven et 
al. 2005) by Equation 8:

　dp = 3
√

f ρdroplet
ρparticle

d3
droplet  [8]

where f is the mass fraction of the material in the 
solution (-), ρdroplet is the density of the solution and 

ρparticle is the density of the final (product) particle 
(kg/m3). This is of course only true if the particle 
is non porous or not hollow. By choosing the right 
conditions in concentration, type of solute, solvent, 
and drying conditions, it is possible to make hollow 
or porous particles. In this way also the aerodynamic 
diameter of the particle decreases. 

EHDA Configurations

　In the preceding sections we have shown that 
EHDA comes with both empirically and theoretically 
derived equations, which can be used as predictive 
tools and can thus help us to produce desired par-
ticles, or surface structures in a controlled manner. 
To achieve this, there exist four major EHDA con-
figurations which have been used and reported in the 
literature for the production of particles. 
　The first and the most commonly used basic con-The first and the most commonly used basic con-
figuration is known as Needle - plate configuration 
(see Fig. 7). In some cases a ring electrode around 
the nozzle can be provided, as in Fig. 8, (needle - 
ring extractor - plate) for spray stability and to spray 
at lower potential differences. This configuration is 
ideal for direct coating medical substrates such as 
tablets, individual micro particles, or medical inserts. 
Droplets in this way can be deposited to form either 
discrete particles or thin films. In this and other 
configurations the droplets are produced from an 
appropriate solution. A solvent is selected to provide 
appropriate levels of conductivity when the solution 
is formed or the solution may be doped with con-
ductivity control agents. It is essential to measure 
the conductivity, and surface tension of the solution. 
This solution containing the formulation is fed to a 
nozzle (B) via pumping or a pressure head delivery 
system (A). The flow rate of the solution is selected 
to produce the desired primary droplet size. It varies 
from μl/hr to ml/hr to obtain nano to micron sized 
droplets. In the needle to plate configuration, the re-
quired electrical field is created by applying a voltage 
between the capillary (B) and a grounded counter 
electrode or collection substrate (E,F) using a high 
voltage power supply (C). The distance between the 
tip of the capillary (B) and the counter electrode (E) 
is selected to provide enough residence time for dry-
ing or reacting for the end product. The set up can be 
operated at ambient or other conditions. 
　The first configuration takes advantage of the 
charge on the particles, however in some applica-
tions the charge on the droplets is not desired, such 
as in using EHDA directly for inhalation purposes or 
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Fig. 7　 Schematic of the capillary to plate electrospray set up, A) Syringe pump, B) Nozzle, C) High volt-
age supply, D) Taylor cone and droplet cloud, E) Collection substrate, F) Earthed support.

Fig. 8　 Aerosol set up to produce particles from electropsray. Droplet genaration and neutralization take place inside a 
reactor. A drier could be included before particle collection (Adopted from Meesters et al. 1992)  A)syringe pump,  
B)nozzle,  C)high voltage supply.
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Nozzle, C) High voltage supply, D) Taylor cone and droplet cloud, E) Collection substrate, F)
Earthed support

Figure 8 Aerosol set up to produce particles from electropsray. Droplet genaration and
neutralization take place inside a reactor. A drier could be included before particle collection
(Adopted from Meesters et al. 1992)
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sometimes for powder production. For this purpose, 
in the second configuration, a setup similar to the 
first one is enhanced by addition of a charge neu-
tralization mechanism, such as a needle to form op-
positely charged ions via corona discharge (Hartman 
1998) or a radioactive source (Chen et al. 1995). An 
air stream carries particles to a collection point or de-
sired location in case of inhalation. A treatment step 
could also be included, e.g. to induce chemical reac-
tions (Meesters et al. 1992), see Fig. 8. In this set 
up a ring is used as counter electrode. The function 
of the ring is two fold; to stabilize the atomization at 
lower voltages, and shield the formation of droplets 
from destabilization effects of the corona discharge. 
The ring is connected to a high voltage power supply, 
but at a lower voltage than the capillary. The distance 
between the ring and capillary can be adjusted. The 
potential difference between the nozzle and the ring 
creates the field to produce the droplets, which will 
pass through the ring. In this way the droplets are 
not deposited as in the capillary-plate set up, but are 
kept airborne. However to prevent them to deposit 
on the reactor walls, the droplets are discharged by a 
corona in this case. Another reason to neutralize the 
droplets is the fact that during drying the volume of 
the droplet decreases and the surface charge den-
sity increases. Once a droplet evaporates to a criti-
cal diameter, it will reach the Rayleigh charge limit 
when the droplets will disintegrate into smaller ones, 
destroying the control on particle size (Smith et al. 
2002). It should be realized that the droplets pro-
duced by EHDA carry a high electrical charge in the 
order of 70% of the Rayleigh limit (Hartman 1998). 
After the reactor the nanoparticles are collected via a 
grid or filter. 
　The third configuration involves use of oppositely 
charged droplets created by two oppositely charged 
EHDAs, in the cone-jet mode, see Fig. 9. If they are 
directed towards each other coagulation between the 
droplets takes place through the electrical attraction 
between them (Bipolar Coagulation). In this case, 
droplets of different composition can be mixed and 
reacted to form composite or new materials (Camelot 
1999). The coagulation can also be used just to neu-
tralize the droplets. If the right conditions are chosen, 
it is also possible to coat one material with another.
　The fourth configuration, coaxial EHDA, utilizes 
two coaxially aligned EHDA nozzles , as seen in 
Fig. 10. This could be the desired configuration 
to form encapsulated particles in a single step, and 
when right combinations are found to produce encap-
sulated particle in the absence of additives (Chang et 

al. 2009). Each nozzle is fed separately. The central 
one slightly protrudes to facilitate the coating by the 
outer liquid. In this way, controlled encapsulation 
can be done. The spray phenomena are mainly con-
trolled by the properties of the outer liquid (Chen 
et al. 2000, Loscertales et al. 2002, Chen et al. 2005), 
which can be as in the case of Chen et al. (2000) very 
viscous and electrically conductive. However, this 
configuration is not limited to two coaxially aligned 
nozzles. Multiple layers can be produced by aligning 
more nozzles concentrically (Lallave et al. 2007, Kim 
and Kim 2010)

Medical Applications

　Due to its emerging potential in biomedical and 
pharmaceutical applications, various aspects of 
EHDA on medicine are recently reviewed by Chen 
& Pui (2010), Marijnissen et at. (2010), Jaworek 
(2008), and Ciach (2007). Electrohydrodynamic at-
omization has been applied to produce thin films, the 
production of micro and nano sized particles , micro-
encapsulation, implant coating, inhalation therapy, 
micro reactors via bipolar coagulation for drug pow-
der production, making inorganic nanoparticles via 
electrospray pyrolysis, electrospray gene transfection 
and more (Chen & Pui 2010, Marijnissen et al. 2010, 
Jaworek 2007). The aforementioned scaling laws for 
the cone jet mode provide a powerful tool to the user 
to apply electrospray. The different medical and phar-
maceutical fields in which electrospray is utilized are 
described in next sections.

Mass spectrometry 

　The application of electrospray in the field of mass 
spectrometry has expanded enormously. In its sim-
plest form, a mass spectrometer(MS) is an instru-
ment that measures the mass-to-charge ratios m/
q of ions formed when a sample is ionised by one of 
a number of different ionisation methods. Electro-
spray as a method for generating gas-phase ions was 
introduced in 1968 by Dole et al. His intention was to 
determine the mass of polystyrene macromolecules. 
The idea of coupling the electrospray technique to 
a conventional mass analyser was put forward as 
early as 1973 by Dole et al., and realised in 1984 by 
Yamashita and Fenn. Its potential for the analysis of 
large biomolecules was realised in 1988 by Meng et 
al.. Today, electrospray MS is used to analyse large 
biomolecules, such as proteins, nucleic acids, carbo-
hydrates, lipids, and compounds composed of two or 
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Fig. 9　 Schematic of the bipolar coagulation configuration and possibilities for particle production 
(Adopted from Camelot 1999).

Fig. 10　 Dual nozzle (concentric) electrospray set up.
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more of these components. Nowadays, the amount 
of research activities and publications in the field of 
electrospray MS can hardly be overlooked. Excel-
lent reviews and books dealing with electrospray 
MS were written by Cole (1997), Kebarle and Tang 
(1993), Smith et al. (1997) and Dulcks and Juraschek 
(1999). The work done in Electrospray Ionization 
obviously proves the fact that the electrospray tech-
nique is a soft method to cause no harm to bio-mole-
cules (e.g., DNA, peptides, and proteins), making it a 
distinct technique to produce pharmaceuticals based 
on these delicate structures. 

Carrier particle and drug particle production 

　Micro and nano particles produced via the electro-
hydrodynamic process can be utilized for therapeutic 
or diagnostic purposes in medicine. Besides in the 
form of aerosol (inhalation particles), drugs can be 
delivered efficiently to certain parts of the human 
body as particles in emulsions or as deposited parti-
cles on engineered scaffolds (i.e. tissues, stents, bone 
anchors...etc.). Considering the unique advantage of 
the EHDA technique, one can envisage its potential 
future applications for advanced treating methods 
and also for diagnostic purposes.
　Drug particles with a narrow size distribution have 
the unique advantage of providing more regular and 
predictable drug release profiles from batch to batch 
compared to particles with the same mean size but 
wider distribution. Electrospraying is an ideal route 
for the production of such drug particles either in 
pure or polymer blended form. In this case a drug 
or a polymer/drug combination dissolved in a suit-
able solvent is electrosprayed. Several authors have 
already reported on the production of nanoparticles 
with narrow size distributions using the EHDA route 

(de la Mora et al. 1990, Rulison and Flagan 1994, Hull 
et al. 1997, Gomez et al. 1998, Lenggoro et al. 2000, 
Ciach et al. 2002, Nakaso et al. 2003, van Erven et 
al. 2005, Gonzales et al. 2007, Hogan et al. 2007). A 
recent review on the subject is provided by Jaworek 
and Sobczyk (2008). If the right solution properties 
are achieved, EHDA can be seen as a generic way to 
produce well-defined nanoparticles of various compo-
sitions on demand (Marijnissen et al. 2010). 
　Other examples of processes that use electrospray 
for the production of powders and drug particles are 
electrostatic spray pyrolysis (ESP) and bipolar mix-
ing. In electrostatic spray pyrolysis, electrospraying 
is combined with pyrolysis. The liquid that is used 
to spray, contains inorganic components that form 
the powder. Vercoulen et al. (1993) used the tech-
nique to produce a powder of SnO2, which is used as 
a semi-conductor material or as an additive to alter 
the electric properties of powders. A precursor solu-
tion of Sn(Ac)4 was sprayed into droplets which were 
dispersed into air and carried through an oven where 
the droplets were evaporated and the remaining par-
ticles pyrolysed. Rulison and Flagan (1994) synthe-
sised high quality yttria powders, composed of dense 
submicrometer, nanocrystalline oxide particles. This 
method seems ideal for forming ceramic nano drug 
delivery vehicles.
　As already mentioned, the process of bipolar coag-
ulation (Camelot 1999), where two sprays of opposite-
ly charged droplets are directed towards each other 
and the coagulation between the droplets takes place 
through the electrical attraction between them can 
also be used to produce drug particles, see Fig. 11. 
Bipolar mixing can also be used to coat carrier par-
ticles with drug particles, which will be treated in 
another section. Bipolar coagulation is such a flexible 
method that one of the solutions can also be selected 

Fig. 11　 Micro and nano ZrOx particles produced via bipolar coagulation process (Camelot et al. 1999).
Figure 11 Micro and nano ZrOx particles produced via bipolar coagulation process 
(Camelot et al. 1999)

Figure 12 SEMs of uniform thin layer coatings with different morphologies, calcium 
phosphate Coatings (Leeuwenburgh 2006b) 

a)      b) 
Figure 13 (a) Stationary coated 165 μm alumina  with 65 nm PS particles (Dabkowski et 
al. 2007) (b) 200 μm glass  beads coated  with 500 nm PS particles (Coppens 2007 ) 
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to form micro and nano fibers, thus interaction of 
oppositely charged fibers and droplets could form 
structured tissues (Park et al. 2008).

Producing Drug particles for Inhalation

　Drug delivery by the inhalation route is a non 
invasive and historically one of the oldest methods 
to administer drugs and fight several lung diseases 
such as asthma, emphysema, bronchitis, and chronic 
obstructive pulmonary diseases. As new types of 
drugs based on proteins, peptides, and DNA are de-
veloped,  inhalation routes are considered to be used 
for insulin delivery, cancer treatment, pain control, 
and nanotherapeutics (Albert et al. 2007, Kleinstreuer 
et al. 2008, Heijerman et al. 2009, Siekmeier R. and 
Scheuch 2008, Shoyele and Slowey 2006, Shoyele 
and Cawthorne 2006, Sung et al. 2007, Lastow 2007). 
What makes pulmonary administration in general 
an advantageous route to deliver therapeutics is the 
ease of administration, rapid onset because of the 
area available for permeation to cells and the blood 
stream, smaller doses administered compared to 
the oral administration route, and better efficacy to 
safety ratio compared to systematic delivery. Use of 
nanoparticles, in addition, could contribute by sus-
tained release in the lung tissue (Sung et al. 2007). 
However, the success of administration depends 
greatly on the performance of the delivery device, the 
size distribution of the delivered particles, the lung 
state of the patient, and the coordination between 
device and patient. These aforesaid merits and needs 
in the pharmaceutical industry have lead into many 
developments in inhalation devices such as nebuliz-
ers, metered dose inhalers, and dry powder inhalers, 
and a quest for novel delivery devices. Advantages 
and disadvantages of these devices are discussed in 
books and reviews such as by Hickey (1996), Gradon 
and Marijnissen (2003), and Geller (2008). As par-
ticles flow from the nose or mouth to the deeper lung 
regions, they deposit due to the deposition mecha-
nisms of impaction, sedimentation and diffusion. For 
a good delivery the particle size matters, so an accu-
rate control of the size is vital, and the device should 
generate drug particles with a predetermined size, 
ideally an aerodynamic diameter of smaller than 7 
micro meters (Hickey 1996, Gradon and Marijnissen 
2003). Particles close to the upper limit have a higher 
probability to get deposited in the mouth, throat and 
upper airways. Smaller particles have a higher prob-
ability to reach the surface of the lower airways and 
alveoli. Maximum delivery efficiency to the lower 

airways is achieved with particles either around 20 
nm or 2μm in diameter (Hinds 1999). However, of 
these particles only about 30 % can efficiently reach 
the lower airways. The total deposition efficiency 
even gets lower due to a size distribution associated 
with the drug particles in a commercially available 
inhaler and due to obstructions in the patient’s lung 
airways. Conventional inhalers produce polydisperse 
drug aerosol particles with a mean particle size > 5 
mm, which explains the low therapeutic efficiency 
of the inhaled drugs. In case of dry particle inhalers, 
powder dispersibility is crucial in view of the fact that 
such small particles tend to form agglomerates due 
to cohesive forces leading to variations in the par-
ticle size distribution (Weiler et al. 2010). However, 
a monodisperse drug aerosol with the right size re-
duces the dose which has to be administred by 80%, 
providing the same efficacy and reducing the side 
effects (Zanen et al. 1998, Zanen and Lammers 1999). 
Besides providing polydisperse aerosols, some inhal-
ers have other disadvantages such as the ones based 
on ultrasonics which may cause thermal degradation 
of drug particles (Hickey, 1996). The electrospray 
technique has the ability of producing monodisperse 
aerosols with a controlled and predetermined droplet 
size and therefore it resolves particles size distribu-
tion related issues in conventional inhalers and is 
a perfect technique to produce aerosols for drug 
inhalation (Geerse and Marijnissen 2003). Using this 
technique may result in a decrease of the amount of 
drug administered and so in a decrease of the ad-
verse effects the inhalation drugs have on the body. 
The first inhaler known using the electrospray tech-
nique was patented by Noakes et al. (1989), Tang and 
Gomez (1994) further developed the electrospray 
system of Noakes et al. (1989) for the use in an inhal-
er. The main difference with the system of Noakes et 
al. (1989) is the flow of CO2 that is used to isolate the 
capillary tip from the air. In this way the onset of air 
discharge is suppressed, which makes it possible to 
spray liquids with a high surface tension, like water. 
As mentioned, the size of the droplets may be con-
trolled by changing the conductivity of the liquid. Go-
mez et al. (1999) disclosed a method to electrospray 
in the corona assisted cone jet mode. Noakes et al. 
(2000) then published a description of another EHDA 
device, which is more suitable for nasal delivery 
and upper respiratory tract treatment due to charge 
present on the particles. Ijsebaert et al. (2001) de-
scribed a EHDA drug atomizer where the droplets 
are neutralized by corona discharge. Gañán-Calvo 
(2003) described another device based on coaxial 
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nozzles where formulations in the form of miscible 
or immiscible liquids, solutions or suspensions can 
be delivered. His patent application focused on the 
production of particles but did not incorporate any 
means of neutralization, which may be preferred to 
effectively deliver therapeutics to the upper airways. 
The presence of a controlled charge on the particles 
in the case of Noakes et al. (2000) and Gañán-Calvo 
(2003) on the other hand ensures that they will not 
penetrate beyond the upper airways tract or rapidly 
deposit on the nasal cavity lining upon inhalation. Of 
course one should realize that lungs have a clearance 
mechanism. This should also be considered for drug 
particle design and administration. Since the clear-
ance mechanisms are size dependent, it is possible to 
produce particles in determined sizes to avoid these 
mechanisms. In above mentioned inhaler devices, 
a patient to device coordination is still necessary. 
This issue is addressed by Coffee (2005). He claims 
that, operation with induction charging of the liquid 
instead of direct charging provided better control of 
the drop size for liquids which are difficult to EHDA. 
Though the number of academic efforts to design 
an EHDA based inhalation device is increasing and 
there are many patents available, there is still not a 
commercially viable product in the market even de-
spite the fact that a delivery efficiency of 85% can be 
achieved Gomez et al. (1999). Chen and Pui (2010) 
note that the latest attempt was made by the Batelle 
Memorial Institute for a device named Mystic ™ , 
which introduction was ceased after early clinical tri-
als. 

Medical coatings and Thin film production

　Coatings for medical devices serve a numerous of 

useful purposes. For example, coatings can be used 
to change device surface properties, to incorporate 
drug/bioactive or antimicrobial agents for release 
from the surface of the device, to improve the bio 
compatibility and reduce the rate of rejection or to 
provide for cell signaling for better healing. However, 
in many cases vehicles used for drug administration 
or medical devices have a complex architecture, such 
as tissues or stents. In both cases, these devices re-
quire fine coatings that closely follow the micro-scale 
detail of the device. Coatings of this quality are not 
easily achievable with traditional dip or spray coating, 
physical or chemical vapor deposition. In addition, 
the coating materials can be exceedingly expensive 
if they contain drugs or bioactives and therefore the 
waste that is generated with these methods renders 
these processes prohibitive for use in many medical 
device based applications. On the contrary, electro-
static deposition processing is a highly controllable 
method that provides coatings that track the detail 
and architecture of the substrate (van Zomeren et al. 
1994). Due to the targeted nature of the electrostatic 
deposition process, there is very little overspray or 
waste associated with it. Targeting is the result of the 
attraction between charged particles and the ground-
ed substrate. The limitation of electrostatic deposition 
lies in the types of substrate that can be coated using 
this method. Electrostatic deposition requires that 
the substrate is conductive. Conductivity allows the 
substrate to be grounded and thereby attract coating 
particles. It also provides for the relaxation of the 
charge on the coating particle, converting it into a 
micro-current and thereby maintaining the particles 
on the surface. If the particles are still wet at the de-
position then they can spread to form a thin film. In 
recent years the technique is extensively applied to 

Fig. 12　 SEMs of uniform thin layer coatings with different morphologies, calcium phosphate Coatings (Leeuwenburgh 2006b).

Figure 11 Micro and nano ZrOx particles produced via bipolar coagulation process 
(Camelot et al. 1999)
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a)      b) 
Figure 13 (a) Stationary coated 165 μm alumina  with 65 nm PS particles (Dabkowski et 
al. 2007) (b) 200 μm glass  beads coated  with 500 nm PS particles (Coppens 2007 ) 
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deposit a wide range of ceramic thin films with nano 
structures for bone material on metallic implants, 
and selective coating of scaffolds, see Fig. 12 (Leeu-
wenburgh et al. 2006a, Schacter et al. 2007, Xie et al. 
2008). As can be seen from Fig. 12 micro and nano 
structures can be formed. Very recently Chen and 
Pui (2010) reported on a complex way of producing 
a film by EHDA to study concentration gradients in a 
layer with a nano scale variation, for cell growth stud-
ies. 
　The minute and accurate flow rate used in EHD 
atomization makes it usable for dispensing very pre-
cise volumes of liquid for automated high through-
put chemical and biological analysis. Electric field 
control (Moerman et al. 2001) and pulsed high volt-
age (Stachewicz et al. 2009a,b, 2010a,b) are imple-
mented to form short EHDA events and deposit near 
femto liter samples . Deng et al. (2010) implemented 
an array of micro nozzles activated by pulses to de-
posit active liquid suspensions. Pulsed electrosprays 
are also considered for manipulating single bacteria 
cells and forming arrays of biological reactors (Kim 
et al. 2010). One should consider that electrospray-
ing viable bacteria can be used to develop devices for 
monitoring bioaerosols (Kim et al. 2008). 

Tailored particles

　Drug particles itself or drug loaded polymer nano 
and micro particles in general can be produced by a 
single step of electrospraying (Enayati et al. 2010). 
Besides the production of medical nanoparticles as 
such, EHDA (single nozzle or bipolar coagulation) 

also of fers the possibility to produce more com-
plex particles such as slow release and low density 
particles, which e.g. can be used in inhalation treat-
ment. Although the low density particles suitable for 
inhalation have been developed for the micron size, 
the method can be equally used for the production 
of nanoparticles (Ciach et al. 2002). Low density, i.e. 
hollow or porous particles can be obtained with the 
right evaporation conditions and concentration or 
with coaxial electrospraying (Chang et al. 2010). In 
reality also other factors play an important role, such 
as mechanical properties and porosity of the formed 
solid shell as well as the surface tension of the solu-
tion and the presence of surface-active compounds. If 
we do not choose the composition of the droplets or 
the conditions of solvent evaporation properly, we can 
get the wrong particle structure such as small solid 
particles or remains of collapsed shells.
　Electrospraying suspensions of nano particles in a 
liquid generates a spray of charged droplets that are 
seeded with nanoparticles, thus offering a solution 
for dispersing and depositing nanoparticles on a sub-
strate. The charged nature of the nanoparticles is ex-
ploited to coat host particles. EHDA yields unipolarly 
charged suspensions of nanoparticles, while host 
particles can be charged with opposite polarity by 
means of tribocharging, corona or inductive charg-
ing, or they could have their charge because they are 
produced by electrospraying with opposite polarity. 
When these particles are brought into contact in an 
appropriate way, the mutual electrostatic attraction 
force between the negative and positive charge will 
cause a coating to be deposited on the surface. Inter-

Fig. 13　 (a) Stationary coated 165 μm alumina  with 65 nm PS particles (Dabkowski et al. 2007) (b) 200 μm 
glass  beads coated  with 500 nm PS particles (Coppens 2007).
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action can be realized in three ways: nano particles 
can be embedded in host particles, host particles can 
be encapsulated with a polymer film containing nano 
particles , and nano particles can be discretely depos-
ited on the surface of host particles. The coating level 
can be controlled by changing the interaction time, 
the concentration of the suspension, and controlling 
the charge of host particles in the spray, Fig. 13. 
Several possibilities to accomplish mutual interaction 
of oppositely charged particles in order to deposit 
electrosprayed or electrospray formed nano particles 
on micro ones are studied by Dabkowski 2006, Dab-
kowski et al., 2007, Coppens 2007, van Ommen et al. 
2008, and Ellis et al. 2010. Electrospray techniques 
are also tried for marking proteins with nanoparticles 
to fabricate biosensors (Mao et al, 2010). 
　However, it should be noticed that nano particles 
also come with a potential problem of toxicity. The 
dispersion of nanoparticles in gaseous phases is 
needed to investigate the toxicity of nanoparticles 
through in-vivo and in vitro routes. Electrosprays of-
fers an optimal way of dispersion (Suh et al. 2005) of 
nanoparticles for toxicity studies.

Non-Spherical particles

　Cell–particle interactions are complex. There is 
evidences that cells sense, identify and respond to 
particle shape, thus beside spherical particles, non 
spherical particles such as disk shaped, elongated 
or filament like morphologies could provide specific 
benefits (Champion et al. 2007). So for certain medi-
cal applications it might be advantageous to consider 
this effect and produce particles with shapes differ-
ent from spheres to obtain improved biocompatibility, 
pharmacokinetics, targeted and sustained drug re-
lease (Simone et al. 2008, Muro et al. 2008, Mitragotri 
2009 a & b, Decuzzi et al. 2010). Methods for fabricat-
ing non-spherical polymeric drug delivery particles 
are grouped by Champion et al. (2007) under two 
categories; synthesizing from scratch or modifying 
a spherical particle. Non spherical shapes from the 
EHDA process can come under the first category. 
Depending on the concentration, degree of entangle-
ment, molecular weight of the polymer, solvent and 
other process conditions it is possible to produce 
fibres instead of spheres, and asymmetric or elon-
gated particles (Hartman 1998, Almeria et al. 2010), 
see e.g. Fig. 14. Hong et al. 2008 reported that there 
is a dependence between drug to polymer ratio and 
particle morphology; and high drug to polymer ratio 
could lead to wrinkled micro particles. Production of 

rod or disc like micro particles is also possible using 
coaxial EHDA (Bhaskar et al. 2010). 

Miscellaneous Applications

　It is also possible to make emulsions with EHDA, 
by placing the spraying nozzle in a liquid medium, 
immiscible with the liquid to be sprayed, with the 
nozzle on a high potential and a submerged grounded 
counter electrode. In this case microemulsions, can 
be made. It is clear that the liquid in which is sprayed 
(the continuous phase of the emulsion) must have a 
low conductivity, Fig. 15. 
　Electrospray is used for dispersing hydrophobic 
compounds such as cholesterol, and demonstrated 
that when they are dispersed into aqueous solutions, 
they disperse faster and more efficiently in compari-
son to bulk mixing (Wu et al. 2009)
 　Most newly synthesized medicines, such as Taxol, 
are poorly soluble in water. Because of their poor 
solubility, a way to increase the solubility is to reduce 
the size of medicine particles and consequently in-
crease the surface area of the particles, see Fig. 16. 
Chen and Pui (2010) showed that steroid particles of 
13 nm diameter can be produced by EHDA. 
　EHDA is even considered for gene transfixion at 
the cellular level by Chen et al. (2000) and Wu et al. 
(2010).  Although in this article attention is only giv-
en to production in the cone jet mode, other modes 
such as dripping can be used to generate relatively 
larger drug loaded particles (Xie and Wang 2007).

Future of EHDA - Out scaling

　As shown, Electrospraying enables controlled at-
omization. Therapeutic aerosols with a narrow size 
distribution can be generated of a desired size, chem-
ical composition, charge and morphology, hence pro-
viding a safe and controlled way of respiratory drug 
delivery and drug particle production. EHDA can 
also be used to coat particles or surfaces with medi-
cal nanoparticles in a very efficient way. This leads to 
cost savings in expensive pharmaceutical materials. 
　However, industrial implementation still suffers 
from low production rates. In order to generate small 
sized particles, low flow rates are required. For ex-
ample, a flow rate of less than 0.1 ml/h for a single 
nozzle is needed to obtain droplets in the micrometer 
diameter range. To obtain a desired size is mainly 
determined by flow rate and conductivity of the liq-
uid as indicated by the scaling laws (Eq. 6). For the 
same droplet size it is impossible to increase the pro-
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Fig. 14　 Different Shapes (a to c first row and d to e second row) (a) Elongated polymer particles, (b) smooth PVP 
nanofibers, (c)TiO2 nanofibers,  (d and e) electrospun nanotubes obtained by co-spinning olive oil / PVP-TiO2 
precursor (Marijnissen et al. 2010).

Fig. 15　 Schematic Drawing of the set up for producing Emulsions (Adapted from Meesters, 1992).

Fig. 16　 (a) Taxol ; 1.0% in EtoH at 22 L/h (21 oC/ 38% RH ),  60 sec (spray time), 3 cm (spray to substrate distance), -2.1 
kV (High Voltage),  (b) PVP ; 0.3% in EtoH at 10 L/h (22 oC/ 47% RH), 60 sec, 3 cm, -2.4 kV,  (c) Taxol+PVP ; 0.1% 
in EtoH at 20 L/h (21 oC/ 64% RH), 120 sec, 3 cm, -2.0 kV. (Marijnissen et al. 2010).
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Meesters, 1992) 

a)      b)           c) 
Figure  16 (a) Taxol ; 1.0% in EtoH at 22 �L/h (21 oC/ 38% RH ),  60 sec (spray time), 
3 cm (spray to substrate distance), -2.1 kV (High Voltage),  (b) PVP ; 0.3% in EtoH at 10 
�L/h (22 oC/ 47% RH), 60 sec, 3 cm, -2.4 kV,  (c) Taxol+PVP ; 0.1% in EtoH at 20 �L/h (21 
oC/ 64% RH), 120 sec, 3 cm, -2.0 kV. (Marijnissen et al. 2010) 

Figure 17 Schematic of multi nozzle system suggested by Hartman. (Hartman, 1998)
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duction rate by increasing the flow rate. Thus an out-
scaling rather than up-scaling is needed by means of 
using multiple sprays.
　There are many efforts reported on out-scaling 
methods including the use of an array of capillaries, 
an array of holes in combination of non-wetting mate-
rial, serrations, grooves, multi jet mode operation as 

summarized by Deng and Gomez (2007), and Deng 
et al., (2009). Increasing the number of capillary 
nozzles seems to be a simple and effective way of 
increasing the number of droplets. However, even 
in the simplest case of the multi jet mode operation, 
variation from jet to jet leads droplet size changes 
from one injection point to another causing a broader 

Fig. 18　 Schematic of multi nozzle system suggested by Hartman and realized by Arnanthigo (Arnanthigo et al. 2010).

Fig. 17　 Schematic of multi nozzle system suggested by Hartman. (Hartman, 1998).

a)      b)           c) 
Figure  16 (a) Taxol ; 1.0% in EtoH at 22 �L/h (21 oC/ 38% RH ),  60 sec (spray time), 
3 cm (spray to substrate distance), -2.1 kV (High Voltage),  (b) PVP ; 0.3% in EtoH at 10 
�L/h (22 oC/ 47% RH), 60 sec, 3 cm, -2.4 kV,  (c) Taxol+PVP ; 0.1% in EtoH at 20 �L/h (21 
oC/ 64% RH), 120 sec, 3 cm, -2.0 kV. (Marijnissen et al. 2010) 

Figure 17 Schematic of multi nozzle system suggested by Hartman. (Hartman, 1998)

Figure 18 Schematic of multi nozzle system suggested by Hartman and realized by 
Arnanthigo (Arnanthigo et al. 2010). 
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droplet size distribution. When the variation of flow 
rate couples with field intensity variations, operation 
of the out scaled system becomes unreliable. The 
design may also be dependent on the nature of the 
liquid. There is therefore a need for systematic de-
sign tools. The challenge is to have at each spraying 
point a uniform delivery of the liquid and equal field 
intensities. 
　Studies of Snarski and Dunn 1991, and Rulison 
and Flagan 1994 show that the voltage required for 
the steady cone-jet mode increases with a decrease 
in distance between the capillary nozzles. As the dis-
tance decreases in order to increase the nozzle pack-
ing density further issues will arise. Space charge, 
a dense charged droplet cloud, decreases the field 
strength at the nozzles, and so may cease the cone jet 
spraying of one or more nozzles. So for steady spray-
ing a higher voltage setting is needed. So the electric 
field at the tip of a capillary nozzle is more often in-
fluenced by the nearby nozzles’ electric field. If the 
influence between the nozzles is large, also the radial 
component of the electric force acting on a cone is 
not negligible and the electric force deforms the cone 
at the tip of the capillary nozzle leading to no or inter-
rupted droplet break up. 
　As already discussed the droplets are highly 
charged and to avoid Rayleigh disintegration, they 
have to be discharged. More jets result in a higher 
space charge in the gap between the cones and the 
counter electrodes. The higher the space charge 
is, the higher the required potential difference nec-
essary for the formation of the cones. The space 
charge in the setup could also lead to differences in 
the electric field at the nozzles. The problem of the 
electric field can be solved by introducing a ring elec-
trode close to the nozzle just as for a single nozzle. 
In that case, the electric field is determined by the 
field between the nozzle and the ring. Neighbour-
ing nozzles have no longer an influence on the field 
at the nozzle. The problem of space charge can be 
solved in two ways; collecting the particles immedi-
ately after their generation on a conducting surface 
(counter electrode), or discharging and transporting 
the particles with a carrier gas flow. Fig. 17 shows a 
schematic representation of a multiple nozzle system 
as suggested by Hartman (1998), in where all the 
requirements have been fulfilled. Arnanthigo at al. 
(2010) implemented a circular design satisfying re-
quirements suggested by Hartman (1998) but used a 
single pump to feed all nozzles, Fig. 18. In this con-
figuration no neutralization is included but it can be 
done by corona discharge or by a radio active source. 

Conclusions

　Electrospraying is an important technology, and 
has many applications in the medical and pharmaceu-
tical industry such as in Mass Spectroscopy, produc-
tion of particles, encapsulation of particles, and thin 
film formation. Compared with other droplet produc-
tion and film formation techniques, much smaller 
droplets with narrower size distribution from relative-
ly large orifices are obtained. It is simple and can be 
applied in many conditions including the atmospheric 
ones. Electrospray produces a self dispersing cloud 
of droplets due to unipolar charge, thus coalescence 
and so variation in the particle size distribution is 
minimal. Charge of the droplets offers a good control 
on the trajectory and targeting, however for certain 
applications droplets have to be neutralized, which 
can be done by several means. As seen from the 
mass spectroscopy application it is even safe for large 
molecules, i.e. no high shear or thermal stresses 
are involved. The main factors determining the final 
product in the production of particles and films are 
the flow rate, electrical conductivity, surface ten-
sion, and concentration. With a right chemistry and 
processing conditions it is possible to tailor particles 
with a certain shape and surface morphology. The 
well established scaling laws can be used as a predic-
tive tool. Many potential uses of electrospraying have 
been demonstrated in academic settings. However, 
developments towards higher productivity at industri-
ally acceptable rates are needed. 
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Appendix
　As mentioned in the text, Hartman (1998, 1999) 
derived theoretically a current scaling law for New-
tonian liquids with a flat radial velocity profile in the 
jet (Equation 2). Gañán-Calvo et al. (1997) pointed 
out that this radial profile is not always flat in case of 
a low viscous liquid, or, when the conductivity is low, 
and the flow rate is high. To address this issue, also 
theoretically, and assuming that the velocity profile in 
the jet can be described by a parabolic profile, Hart-

man derived in his dissertation (Hartman 1998) a 
current scaling law for Newtonian liquids, with a non-
flat radial velocity profile (Equation 3). In these equa-
tions, I * is the current for a flat radial profile, Ez,max 
is the maximum axial Electric field strength[V m-1] 
and can be calculated using equation (i),

　Ez,max = Ere f (
Q

Qre f
)−0.44(

K
Kre f

)−0.15(
γ

γre f
)  (i)

where, Eref = 4 106 [V m-1], Qref =1.4 10-9 [m3 s-1], Kref= 
69 μS [m-1], and γref= 0.048 [N m-1]. rj0.41 is the ra-
dius of the jet at the position where the conduction 
current is equal to 41 percent of the total current [m]

　r j0.41 = (
0.41I∗

π Ez,max K
)

1
2  (ii)

　A = Ez,max σ
2µ ′ r j,0.41

 (iii)

where σ is the surface charge at rj0.41 and defined as 
　σ =

0.59I∗ r j0.41

2Q
 (iv)

and, µ ′  is the effective viscosity.

　µ ′ = µ + cµ ρ
Q

πr j0.41

dr j0.41

dz  (v)

where, cμ is a constant which equals to 0.635 and 

　B =
Q−0.5πr4

j0.41A

πr2
j0.41

 (vi)

For a complete derivation the reader is referred to 
the dissertation of R.P.A. Hartman (1998), Go to 
http://repository tudelft.nl/ and search for Hartman 
R.P.A.
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Abstract

　Inspired from nature materials with hierarchical structures, many functional materials are 
developed based on the templating synthesis method. This review will introduce the way to fabricate 
novel functional materials based on nature bio-structures with a great diversity of morphologies, in 
State Key Lab of Metal Matrix Composites, Shanghai Jiao Tong University. We present the idea and 
methods of obtaining multi-scale porous materials by using wood, agricultural wastes and butterfly 
wing scales as bio-templates. We change their original components into our desired materials 
withoriginal morphologies faithfully kept. Properties of the obtained materials are studied in details. 
Based on these results, we discuss the possibility of using these materials in light control, environment 
issues, andsolar energy conversion field. This work has great values on the development on structural 
function materials in the near future.

Keywords:   bio-inspired, nature materials, functional materials

Bio-Inspired Functional Materials Templated From
Nature Materials†

Di Zhang1,*, Wang Zhang1, Jiajun Gu1, Shenming Zhu1, Huilan Su1, 
Qinglei, Liu1, Tongxiang Fan1, Jian Ding1 and Qixin Guo2

State key lab of metal matrix composites, Shanghai Jiao Tong University1

Department of Electrical and Electronic Engineering, Saga University2

1. Introduction

　Scientists are always amazed by the nature materi-
als, which are characterized by unique structures and 
morphologies. Inspired by nature, scientists struggle 
to fabricate artificial structures with certain functions 
in a biomimetic way. There has been a great interest 
in using nature materials with subtle hierarchical 
structures as nature templates to fabricate biomor-
phic inorganic materials. In this review, the latest 
developments in this field done by our group will be 
discussed. The review is organized into four parts. 
In the first part, versatile inorganic materials using 
different wood issues as templates will be discussed. 
The second part will give an overview on the utiliza-
tion of agricultural waste to fabricate novel functional 
materials. The third part will give an intensive re-
view on the latest developments on how to create 
inorganic materials with unusual structural specialty 
and complexity using the butterfly wings as the tem-

plates. Finally, we will give the summary, expectation 
and our own perspectives on these active areas.

2. Bio-Inspired Materials Converted From Wood

　As a group of the plant, wood is a heterogeneous, 
hygroscopic, cellular and anisotropic material, com-
posed of fibers of cellulose and hemicellulose held 
together by lignin. Wood exhibits microstructural 
features ranging from mm (growth ring patterns) via 
μm (tracheidal cell patterns, macro- and microfibril 
cell wall textures) down to nm scale (molecular cel-
lulose fibers and membrane structures of cell walls). 
Since all the cell walls in the wood link together to 
form a frame, the body of the wood is then divided 
into innumerable rooms by this frame. After being 
heated in high temperature, the mixed biopolymers 
in the cell walls decomposed into carbon and gases. 
This gives rise to a porous carbon frame with the 
morphology derived from its wood template. Our 
work convinced that the porous carbon wood micro-
structure has many favorable characteristics such as 
stable coefficient of friction, good electromagnetic 
shielding properties, excellent far infrared property 
and high damping capacity. These outstanding prop-
erties of the wood can be attributed to its rational 
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structures.
　Generally, wood ceramics are fabricated through 
three steps: (i) formation of bio-carbon template by 
pyrolyzing the wood materials; (ii) infiltration of the 
bio-carbon template with ceramic precursors; (iii) 
calcination to form ceramics and remove organic 
materials. Carbides and carbide composites are most 
reported due to carbonaceous nature of the wood 
template, but a range of ceramic materials, including 
oxides, nitrides, and zeolites, were also produced by 
employing proper precursors and reaction routes. 
The general schemes for fabricating wood ceramics 
are illustrated as follows.

2.1 Carbides with wood microstructures
　We conver ted wood carbon frameworks into 
morph-genetic SiC/C ceramics through methyl or-
ganic silicone resin infiltration followed by a high-
temperature reaction. The process was investigated 
and it was revealed that the methyl organic silicone 
resin was first thermal decomposed into silicon com-
pounds between 400 and 650℃, and then reacted 
with the carbon preform to form cr ystalline SiC 
after 1400℃ sintering 1). Metal carbides can be syn-
thesized using metal-containing sols as precursors. 
For example, TiC ceramic was produced by infiltrat-
ing tetrabutyl titanate sol into wood template in our 
group. The sol was first thermally decomposed into 
TiO2, and then converted to TiC by reacting with the 
carbon cellular wall 2,3). Fig. 1 are images showing 
microstructures of several wood species and corre-
sponding TiC wood ceramics prepared by infiltration 
with Ti-containing sols.

2.2 Oxides with wood microstructures
　In section 2.1, we have studied the wood-templated 
carbon ceramics, SiC ceramics, Si/SiC/C and SiOC/
C composites, metal/carbon composites to preserve 
wood’s structures. Can we remove the carbon inside 
wood and reserve the wood structure intactly to pre-
pare wood-templated oxide ceramics? Till the begin-
ning of this research, the research both domestic and 
overseas to this question was still very rare, and the 
preparation technique of oxide ceramics was not ma-
ture and still at an exploratory stage.
　There are millions of species of trees all over the 
world and they all contain unique structures. So by 
making good use of these natural treasures, differ-
ent metal oxides with a wide range of pore size can 
be made. The synthesis scheme proposed here is 
an example of general and simple approach. It can 
be expanded to other oxides through changing in-
organic precursors. Our team has prepared wood-
templated metal oxides (e.g. NiO, ZnO, Co3O4), rare 
earth metal oxide (e.g. Y2O3, Ce2O3) and composite 
oxide successfully by the wood-templating method. 
In other kinds of wood-templated oxides, we also find 
controllable hierarchical porous structures that will 
be reported later. The following are several typical 
examples of our work.
　Fig. 2(a) and (b) show the cross-sectional mor-
phologies of carbonized Paulownia and Paulownia-
templated bulk Fe2O3 calcined at 600℃. Vessels of 
about 50μm in diameter and fibers of about 10μm 
in diameter can be observed in Fig. 2(a). Two kinds 
of pores can also be found in Fig. 2(b) with similar 
pore size and arrangement as original Paulownia, 
which illustrates that Fe2O3 preserves wood’s hierar-
chical macroporous structures well.

　The enlarged TEM image of ultrasonic dispers-
ing Fir-templated Fe2O3calcined at 600℃ is shown in 
Fig. 3(a). Whiskered structures can be found in this 
sample. The SAED (Selected Area Electron Diffrac-
tion) of the whisker was inserted in image (a). It illu-

Fig. 1　 SEM images of microstructures of TiC wood ce-
ramics converted from wood species: (a) larch, 
(b) franxinus mandshurica, (c) black walnut, 
and (d) lauan. (e)?(h) are SEM imges showing 
corresponding microstructure of original wood 
tissues of: (e) larch, (f) franxinus mandshurica, 
(g) black walnut, and (h) lauan.

Fig. 2　 SEM images of cross section of (a) carbonized 
Paulownia and (b) Paulownia-templated Fe2O3.
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minates the crystalline hematite phase of the Fir-tem-
plated Fe2O3. On the other hand, coexistence of the 
diffraction rings and spots at the SAED photo shows 
that more than one grain exists in the small diffrac-
tion area. In addition, different darkness on the same 
diffraction ring elucidates the anisotropic diffraction. 
Image (b) shows the cellulose microfibrils and lamel-
la of microfibrils of Poplar. S1 and S2 are the outer 
layer and middle layer of the secondary wall. The 
two layers are composed of microfibrils seen as the 
whiskered shape in image. S1 has dense microfibrils 
and S2 has sparse microfibrils. Various woods have 
similar wood cell composition. The characters of S1 
and S2 of Poplar are very like the morphology of 
Fir-templated Fe2O3 in image (a), which proves that 
Fe2O3 preserve the microfibrils of wood cell wall and 
realize the replication in nanometer scale.
　Fig. 4(a) and (b) show the cross-sectional mor-
phologies of carbonized Pine and Pine-templated 
bulk NiOcalcined at 600℃. A NiO fiber assembly can 
be observed in Fig. 4(b) along the longitudinal sec-
tion, which was derived from long and channel-like 
tracheid cells with the functions of conducting water 
and supporting in Pine shown in Fig. 4 (a). The 
pits, through which the Ni-precursor penetrated ef-
ficiently, were also preserved by NiO pointed out by 
arrow in Fig. 4 (b). As can be seen, the original cel-
lular anatomy of Pine template is retained integrally 
in NiO.

　Cr2O3 ceramic was synthesized by immersing 
wood in chromium nitrate solution. These ceramics 
not only inherited the specific microstructures of the 
original wood, also possessed a characteristic IR ab-
sorption peak, which indicating the potential applica-
tion in IR absorption devices. Hierarchically porous 
manganese oxide wood ceramic was also produced 
using manganese nitrate as the precursor. An overall 
collapse in IR adsorption spectra was also observed 
with increasing calcination temperature, related to 
the effect of nanoscale pore structures 4,5). Hierarchi-
cally porous zinc oxides fabricated from Fir tissues 
show high sensitivity and selectivity to H2S vapor. 
Higher porosity and surface area can provide more 
surface adsorption positions and reacting areas for 
oxygen and test gases and help gases transfer more 
quickly, which could lead to the increase of gas re-
sponse 6).

2.3 Metal/carbon composites with wood micro-
structures

　Not only are the iron oxides, metal/carbon com-
posites prepared from wood templates also been 
fabricated and characterized. Aluminums alloys are 
known for their high specific strength, good cast abil-
ity, low thermal expansion and high corrosion resis-
tance. The wear rates for the materials increase with 
increasing the applied load and the test temperature. 
The carbon-frame in the composites divided the Al 
alloy into innumerable sections. It can help the Al ma-
trix improve its dry friction behaviors. The coefficient 
of friction for the materials usually increases with 
increasing applied load and test temperature. More-
over, during the course of wearing, the coefficient of 
friction curves for the composites were more smooth 
and straight than the Al alloy. This demonstrates the 
more stable friction state for the composites 7-9). 

3. Bio-Inspired Materials Converted From Agri-
cultural Wastes

　An agricultural establishment produces many 
types of wastes in its daily operations. Agricultural 
waste materials particularly those containing cellu-
lose shows potential metal bio-sorption capacity. The 
basic components of the agricultural waste materials 
biomass include hemi-cellulose, lignin, extractives, 
lipids, proteins, simple sugars etc., which is very 
similar to the wood tissues. To loose the environment 
pressure and increase the economic value of these 
wastes, re-using them is a very urgent topic. Studies 
reveal that various agricultural waste materials such 

Fig. 3　 (a)TEM images of Fir-templated Fe2O3 powder 
sample calcined at 600 oC. Insert: selected area 
electron diffraction (SAED) image; (b) Cellulose 
microfibrils and lamella of microfibrils of Poplar. 
(Aslam, Chaudhary, Mulla, Sainkar 1999).

Fig. 4　 SEM images of cross section of (a) carbonized 
Pine and (b) Pine-templated NiO.
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as rice husk, coconut shells, vegetable residues etc. 
have great potential in electromagnetic wave absorp-
tion applications. Here same research details are 
given as follows.
　Rice husk, a by-product of the rice milling industry, 
accounts for about 20% of the whole rice. With the 
estimated annual rice production of 500 million tons 
in developing countries, approximately 100 million 
tons of rice husk is available annually for utilization 
in these countries alone. However, the amount of rice 
husk available is far in excess of any local uses and, 
thus, has posed disposal problems. In our research, 
rice husk was chosen to be applied as a template ma-
terial due to its high porous structure, special compo-
nents and its local availability at almost no cost. The 
objectives of this study was to determine selected 
electromagnetic wave absorption properties of differ-
ent sorbents made from rice husk by different routes 
of preparation10-11).
　Fig. 5shows the procedure of nickel-loaded com-
posites preparation. Rice husk were elementarily 
carbonized at 800℃ . Hereinafter, the product was 
called black rice husk, the primary components of 
which were amorphous SiO2 and carbon. In a sol-gel 
process, black rice husk was impregnated in nickel 
nitrate solutions of different concentration chosen 
as the precursor of nickel for 24 h. This procedure 
was carried out for the purpose of obtaining higher 
dispersion of nickel nitrate in black rice husk. Non- 
and nickel-loaded black rice husk was milled to 
powders, and then mixed well with 15 wt% phenolic 
resin powder chosen as a curing agent in a stainless 

steel vessel. Finally the mixture was molded into disk 
specimens with 115mm and 6mm in diameter and 
thickness, respectively. In these molding processes, 
various pressures (12,16 and 20 MPa) were applied 
on the mixture for initial 20 min, and then solidifica-
tion of the mixture was continued free from compres-
sion for 12 h. Secondary carbonization was carried 
out at the temperatures of 800℃, 1200℃ and 1400℃ 
to yield nickel-loaded carbon matrix composites. The 
influence of carbonization temperature, molding pres-
sure, nickel loading and the porous structure on the 
as-synthesized rice husk composites are discussed, 
which are summarized in Table 1.
　The SE of a material is defined as the ratio between 
the incoming power (Pi) and outgoing powder (Po) of 
an electromagnetic wave. In general, SE is expressed 
in decibels (dB). Table 1 summarizes the electro-
magnetic SE at 500 MHz, 1 GHz and 1.5 GHz and the 
conductivity of the composites sintered at 800 ℃ and 
above at room temperature. It can be seen that the 
nickel-impregnated samples had significantly higher 
SE values (at least 10 dB better) than the untreated 
samples at all sintering temperatures except 800 ℃. 
Even at 800 ℃ the nickel impregnated sample shows 
slightly better SE values than the untreated sample at 
all frequencies tested here. Moreover the SE of the 
nickel treated samples increases with increasing of 
the sintering temperature significantly and steadily 
from 800 ℃ to 1200℃. For the untreated composites, 
the SE does not seem to increase significantly with 
the increase of the sintering temperature from 800 
℃ to 1400 ℃ even though the SiO2 was replaced by 
SiC at 1400 ℃. The SE values were 47.5 dB, 44.4 dB 
and 47.7 dB for the samples sintered at 800 ℃ and 
51.9 dB, 44.3 dB, 41.8 dB for the samples sintered at 
1400 ℃ at 500 MHz, 1 GHz and 1.5 GHz, respectively. 

Fig. 5　 Procedure of nickel-loaded composites preparation.

Table 1　 Constituents, thickness, SE and electrical con-
ductivity of nickel-impregnated and untreated 
composites as a function of heat treatment 
temperature
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More details please refer to our published work,.
　Except rice husks, coconut shells were also utilized 
to enhance the electromagnetic wave absorption prop-
erties of the composites.  Scanning electron micros-
copy (SEM) image reveals that both porous carbons 
and C(Co) nanocomposite are characterized with a hi-
erarchical porous structure. It can be observed from 
Fig. 6a that the C(Co) nanocomposite is constructed 
with separate carbon tubes with about 10μm diame-
ter. Little pores with 1-2μm diameter are distributed 
uniformly on the walls of the carbon tubes12).
　Porous materials have better impedance match with 
free space than corresponding solid materials for 
their low effective permittivity. The electromagnetic 
waves can easily irradiate into the porous structure, 
and then dissipate in the composite. Moreover, the 
porous structure definitely increases interfacial areas 
throughout the composite, enhances the chance of 
multi-reflection, and leads to the improved energy 
loss. In conclusion, porous C(Co) composites exhibit 
excellent electromagnetic absorption properties, 
which are attributed to the well impedance match 
between porous structure and free air, the strong 
interfacial polarization relaxation loss and Ohmic 
loss. The porous carbon-based composites have ad-
vantages in being light weight and having effective 
absorption performance and may become attractive 
candidates for electromagnetic absorption materials.

4. Bio-Inspired Materials Converted From Dut-
terfly Wings

　Occurred on the earth in Tertiary period 25 mil-
lion years ago, the butterfly family possesses the 
largest number of species (about 100 000 species). 
A butterfly's wing is a uniquely visual exhibition, not 
only of the aesthetics of nature, but of the machinery 
of evolution and of inspiration of research. They are 
made of scales which are quite small and form two 
or more layers over the wing membrane. Different 
forms of butterfly microstructures have been cat-
egorized based on the nature of structural reflection, 
scattering and diffraction by H.Ghiradella. To distin-
guish these species, a main method is to identify the 
narrow difference of the colors and structures be-
tween different wing scales. The scales are of a thin 
plate-like form, whose typical dimensions are 100μm 
in length, 50μm in width, and about 0.5μm in thick-
ness, which cover the wing like tiles on a roof or a 
dense tapestry.
　Fabrication the similar hierarchical microstruc-
tures shown above in the butterfly wings in lab by 
using a manmade assembly synthesis rout is an 
extremely difficult task, since the formation mecha-
nisms are tremendously complex. Therefore, we 
turned towards naturally occurring photonic struc-
tures for inspiration and several nanofabrication 
techniques have been developed to replicate natural 
photonic structures in butterfly wings. Chemical syn-
thesis permits the manipulation of matter at the mo-
lecular level. Better control of the particle size, shape, 
and size distribution can be achieved in particle syn-
thesis. To benefit from the advantages of chemical 
processing, several carefully designed approaches to 
fabricate butterfly wings replicas have been studied 
in our group recently. Here, three typical functional 
butterfly wings replicas with various properties are 
shown below.

4.1 Optical functional oxides templated from 
butterfly wings13)

　The beautiful colors exhibited by butterfly wings 
areusually contributed by two sources: pigments and 
chitin periodical structures, which are also referred 
to as “chemical” and “physical” colors, respectively. 
Physical colors, i.e., structural colors, are essential 
topics since they can be modulated by the materials’ 
dielectric coefficients and their internal submicro-
structures.Hence, to study the properties of but-
terfly replica, which are synthesized using different 
functional materials e.g., Al2O3 and ZnOwith natural 

Fig. 6　 SEM and TEM images of C(Co) nanocompos-
ites  (a. SEM andb.TEM).
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butterfly as biotemplates, attracted great attention. 
However, some key features of the structural color, 
including iridescence, are unfortunately not reported 
in these works, which questions whether the ob-
tained replica color is an inherited structural one or 
not. 
　It is generally believed that an obvious response 
to the imposed electromagnetic (EM)wave needs a 
big refractive index (RI)difference between the two 
materials that compose the photonic crystals (PCs). 
As compared to the air, the RI of the original chitin, 
previously reported ZnO, and Al2O3 is 1.57, 1.94, and 
1.75 at 1.06μm, respectively. To see what will happen 
by making the butterfly fossils with some higher RI 
materials is quite interesting to us. In this letter, we 
choose ZrO2 to prepare the butterfly PCs. ZrO2 has 
a RI of 2.12 at 1.08μm, which is at least 9%, 21%, and 
35% higher than ZnO, Al2O3, and chitin, respectively. 
　ZrO2 is a high dielectric constant material with 
excellent optical properties. It has also been re-
portedthat ZrO2 possesses a small thermal expan-
sion coefficient, a very low thermal decomposition 
temperature, and a well metallic workability in high 
temperature, which makes it easy to be utilized in 
present fabrications. The butterfly wings we chose as 
biotemplate are from Euploea mulciber (Cramer, the 
family of Danaidae). The upper surface of its either 
wing has a prominent large shining metallic blue 
patch in the whole area. The wings are covered by 
chitin scales, as thousands of tiny flat platelets lying 
in rows. All the scales are fixed by peg-and-socked 
attachments. Scales with the size of about 100μm 
in length, 50μm in width, and 0.5μm in thickness, 
form the flat plates overlapping over the membrane 
like roof tiles when viewed under a microscope. 
　Intact ZrO2 replica, which is large in size has been 
synthesized by using natural butterfly wings as tem-
plates. Microstructure characters of original butterfly 
wing scales are maintained faithfully in this biomor-
phic ZrO2. All replicas can reflect iridescent visible 
lights, which can even be observed by naked eyes, 
shown in Fig. 7. These ZrO2 fossils with high RI can 
reflect the visible lights so strongly that the colors 
can be clearly observed directly even by naked eyes. 
In addition, iridescent colors can be seen in different 
observation positions from Fig. 4b-d, confirming a 
good inheritance of the structural colors. Optical mi-
croscope investigations indicate that colors reflected 
by one single scale are different from those done by 
the overlapped two or even more scales. Colors are 
not only determined by materials’ refractive index, 
observation angle, and the structure of every single 

scale, but also by its piled number and modes. With 
the increase in the number of piled scales, the color 
is not simply red-shifted or blue-shifted, which is the 
most direct and powerful evidence for structural col-
ors.
　Fig. 8. presents the micrographs of the ZrO2 

replica. Here, Fig. 8(a)-(c) are taken using a digital 
optical microscope at various regions under different 
magnifications. The system is carefully checked us-
ing standard color cards to avoid the color distortion. 
Fig. 8(d) and(e)are the field-emission scanning elec-
tron microscope images. These scales have clearly 
identifiable ridges with parallel cross ribs between 
them, which preserve the original structures well. 
Fig. 8(f) presents an X-ray diffraction(Cu K ) re-
sult of the replica, which confirms the as-synthesized 
products to be ZrO2. The ZrO2 fossil presents blue, 
brown, or red under the investigation of the opti-
cal microscope. It should be noted here that colors 
in the middle of one single scale and in overlapped 

Fig. 7　 Photographs of the original faded wing and the 
ZrO2 mineralized wing sample.  a. The faded 
wing. b. The ZrO2 replica in different observa-
tion angles.

Fig. 8　 Images and XRD measurement of the ZrO2 rep-
lica. (a)-(c) Optical microscope images of the 
ZrO2 replica. (d)-(e) FESEM images of ZrO2 
replica. (f)XRD result of the as-prepared ZrO2 
replica. The rectangular area in (a) schemati-
cally indicates where (d) and (e) are taken from.



KONA Powder and Particle Journal No.28 (2010)122

edges are different. This property is the same as the 
original wings and faded ones, but different in colors 
and clarities, indicating a structural color nature of 
this phenomenon. Points A-E marked in Fig. 8(a) 
and (b) show the optical images of the overlapped 
area of two or more scales. Colors are determined by 
the number of overlapped scales. It can be seen that 
the color is not only simply redshifted or blueshifted 
with the increase in piled numbers. Instead, the color 
changed from brown (one single scale), to blue (two 
piled up, see A, B, D), to yellow (three piled up, see 
C), and finally to red (four piled up, see E). Because 
of the length of this letter, more detailed results and 
analysis will be presented elsewhere.
　Reflection measurements were then performed 
in the visible and near-infrared wavelength regions 
to reveal the light interaction with the replicated 
structures. They were taken on UV-visible-near infra-
red microspectrophotometer. The incident angle is 
vertical to the surface of the substrate, as shown in 
the left inset of Fig. 9a. Fig. 9 presents the reflec-
tion measurement results, where Fig. 9a shows the 
results from the intact butterfly wing and Fig. 9b is 
the one measured at microareas on the wing scales. 
The reflectance values of both Fig. 9abare of the 
same scale. In Fig. 9a, the reflectance spectrum of 
the original butterfly wings is listed for comparison. 
It shows that the ZrO2 replica also has a strong reflec-
tion peak, though a little lower in intensity than the 
original butterfly wings. The reflection spectrum of 
replica shows that there is a strong reflection peak 
around 650-700 nm, indicating the existence of a 
photonic band gapin the replicated structure. The 
reflection peak is redshifted as compared to the wing 
hybrids a middle state after vacuum annealingand 
natural butterfly wings. Fig. 3b presents the micro-
area spectrum of the ZrO2 replica. A and B are the 
two areas representing two piled up wing scales and 
their single scale counterpart, respectively. To A, a 
peak around 350-450 nm confirms the violet to blue 
colors we viewed directly at points A, B, and D, in 
Fig. 8a and b. To B, a main peak around 600-700 nm 
explain the brown color we saw at single scale area in 
Fig. 8a-c. 
　Fig. 9(b) presents the microarea spectrum of the 
ZrO2 replica. A and B are the two areas representing 
two piled up wing scales and their single scale coun-
terpart, respectively. To A, a peak around 35-450 nm 
confirms the violet to blue colors we viewed directly 
at points A, B, and D, in Fig. 8(a) and 8(b). To B, 
a main peak around 600-700 nm explain the brown 
color we saw at single scale area in Fig. 8(a)-(c). 

　To reconstruct these experimental results, we 
theoretically calculated the reflection spectrum using 
a finitedifference time-domain (FDTD) method. The 
model based on the wing scale we used, as well as 
the calculated results, is presented in the right inset 
of Fig. 9(a). The calculated results agree well with 
the reflection data of B area in Fig. 9(b), which is 
measured at a single scale simulated directly by our 
calculation model. It should be noted that the replicas 
in this work are composed of submicrometer ZrO2 

particles, which can induce additional diffuse reflec-
tion because of their granular surfaces. Moreover, 
the scale replica’s surface is not perfectly flat, which 
may also produce deviations between the experimen-
tal and calculated results. 
　According to these results, we found that with 
the increase in the RI, a stronger modulation of the 
periodic submicrostructure to visible EM wave is 
obtained, giving rise to some phenomena that have 
not been reported before. Under this RI modulation, 
the structural color is not sensitive to the layer thick-
ness of the replicaany more. Instead, it can simply 
be modified by scale-pile numbers, or by collection 
along various directions, which loosens the precon-
ditions for this replica family to be prepared and 
broadly applied. Since the reflection peak will shift to 
long wavelength with the increase in the materials’ 
dielectric constant, colors of the replica, which locate 
in visible wavelength range, can be further changed 
or modulated via functional or ferroelectric materi-
als. The present fabrication of large-area and colored 
replica has great potential applications in display 
screens, spectroscopes, detectors, and so on. Since 
there are so many kinds of butterflies with thousands 
of different microstructures, it is possible to find a 

Fig. 9　 Reflectance results of butterfly wings and ZrO2 
replicas. (a) Reflectance spectra of original but-
terfly wings, wing hybrids (soaked wings after 
vacuum annealing), and ZrO2 replicas, respec-
tively. Insets show a schematic of the reflection 
measurement setup and the FDTD simulation 
results. (b) Reflectance spectra of (a) the over-
lapped scales and (b) one single scale of ZrO2 
replica. Insets are the opticalimages of the mea-
sured scales.
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suitable structure that meets our demands for certain 
applications.

4.2 Novel gas sensors inspired from butterfly 
wings14)

　By introducing natural butterfly wings as tem-
plates, well-organized porous hierarchical SnO2 repli-
cas with controllable wall thickness were fabricated, 
on the basis of the control over the impregnants 
concentration and the immersing time. As far as we 
know, SnO2 with the large bandgap (Eg = 3.6 eV, 
at 300 K), has been themost typical and promising 
choice for a metal oxides snesors based gas sensor.
　The gas sensing properties were evaluated accord-
ing to the resistance variation under a direct current 
(dc) voltage of 5 V by using ethanol as the target gas. 
To avoid structural damage, the samples were cut 
into small fragments and then mixed with appropri-
ate adhesives to adhere onto a flat alumina substrate, 
which is attached with two gold electrodes having a 
gap of about 1 mm. The fittings were then sintered at 
500 ℃ for 1 h in air and aged at 350 ℃ for 7 days. Gas 
sensing experiments were carried out in a gas flow 
apparatus equipped with an external heating facility. 
The sample gases used were ethanol diluted in dry 
air. The gas flow was switched between the sample 
gas and dry air while the electrical resistance of the 
SnO2 sheet was measured continuously on an elec-
trometer.
　FESEM images in Fig. 10 show the well-organized 
porous hierarchical architecture of the target product 
SnO2 and the corresponding natural butterfly wings. 
They are covered by a large number of overlapping 
SnO2 scales and chitin scales (Fig. 10(a) and (e)), 
respectively. On each scale (Fig. 10(b), and (f)) the 
parallel-aligned ridges are divided into numerous uni-
form windows (macropores) by the periodic aligned 
pillars between them. A higher magnification image 
(Fig. 10(c), and (g)) clearly exhibits that the ridges 
are stacked stepwise by multi-layers of lamellas, 
which are supported by a mass of ordered-aligned 
nano-scaled microribs. The cross sections of scales 
(Fig. 10(d), and (h)) reveal that the pillars are or-
derly standing on the substrate layers and extend to 
the top parallel ridges, and thus well-organized mac-
roporous frameworks are produced. In conclusion, 
the unique architecture of the target product SnO2 
(Fig. 10(a)-(d)) is faithfully inherited from that of 
the natural butterfly wings (Fig. 10(e)-(h)) from 
the nanoto micro-scales, despite some dimensional 
shrinkage.
　More details of SnO2 scale (Fig. 12(a)-(c)) reveal 

theconnective hollow interiors and thin walls. It is 
obviousthat the pillars (Fig. 12(a)) are indeed fasti-
giated hollowtubers, and the lamellas (Fig. 12(b)) 
stacked on the ridgesare interconnected tubes with 
a diameter of about 188 nm.The substrate layer (Fig. 
12(c)) is piled in two parallel thinlayers. Thus the 
well-organized hierarchical architecture isactually 
composed of thin, conformal and continuous walls-
with thickness around 32 nm, which provides con-
vincingevidence of the nanocoating process. Energy-

Fig. 11　 FESEM images of ((a)-(d)) the target product 
SnO2 and ((e)-(h)) the corresponding natural 
butterfly wings: (a) and (e) well-aligned scales, 
(b) and (f) part of a single scale, (c) and (g) 
the detailed structure of the ridges, (d) and 
(h) the cross section of the scale.

Fig. 12　 FESEM images of (a) the inverse side of a sin-
gle SnO2 scale with a region of the substrate 
layer removed, the inset showing the hollow 
interiors of the pillars, (b) the cross section of 
the SnO2 scale, (c) the substrate layer with a 
double-layered structure; (d) the EDX spectra 
of the SnO2 scale.
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dispersive xray(EDX) spectroscopy (Fig. 12(d)) 
demonstrates that thewalls are indeed composed of 
Sn and O elements, which isin accord with the above 
XRD results.
　Transmission electron microscopy (TEM) and 
highresolution TEM (HRTEM) images (Fig. 13) 
provide further insight into the morphology and 
microstructure of the biomorphic SnO2 (the target 
product). The long dark rows (Fig. 13(a)) are the 
ridges orderly stacked by parallel tubes. The ordered 
microribs are also clearly seen as parallel dark rods 
of about 130 nm in diameter on each ridge. Between 
the ridges are the fastigiated hollow tubers. The top 
view and the cross section of the ridge in high mag-
nification (Fig. 13(b) and (c), respectively) clearly 
exhibit the hollow interiors with thin walls. The wall 
thickness is about 31 nm according to the tip of the 
tube with a diameter of about 183 nm (Fig. 13(d)), 
which is close to the result of FESEM. The higher 
magnification image (Fig. 13(e)) reveals that the 
well-organized porous hierarchical architecture is 
actually assembled by the nanocrystallites with an 
average size of about 7.0 nm, which is in accord with 
the XRD results. The selected area electron diffrac-
tion (SAED) pattern (inset in Fig. 13(e)) indicates 
that the assembled units of the biomorphic SnO2 are 
polycrystalline in nature and the diffraction rings are 
indexed to (110), (101), (200), (211) and (301) planes 
of rutile SnO2, respectively. The HRTEM image (Fig. 
13(f)) reveals the further microstructure of the SnO2 
nanocrystallites. The spacings between two adjacent 
lattice planes are about 0.3418 and 0.2677 nm, corre-
sponding to (110) and (101) planes of rutile SnO2.
　The nano-scaled porous structures of the biomor-
phic SnO2 and the contrasting sample are character-
ized by nitrogen adsorption-desorption measure-
ments. The adsorption-desorption isotherms are 
displayed in Fig. 14(a). The isotherm shape of the 
biomorphic SnO2 is typical of an H3-type type- IV iso-
therm, while that of the contrasting sample is typical 
of H2-type type-IV. The presence of a hysteresis loops 
in the isotherms is associated with the filling and the 
emptying of mesopores by capillary condensation. 
The BET (Brunauer-Emmett-Teller) surface areas 
are calculated to be 514.12m2g-1 for the biomorphic 
SnO2 and 14.12 m2g-1 for the contrasting sample. 
The pore size distributions investigated by the BJH 
(Barrett-Joyner-Halenda) method are shown in Fig. 
14(b), indicating both the two samples are meso-
porous structures. The pore size of the biomorphic 
SnO2 is distributed from 2 to 50 nm, centered on 4.6 
nm, while that of the contrasting sample has a narrow 

distribution centered on 10.5 nm. Despite of the low-
er peak value, the biomorphic SnO2 has much higher 
pore volume (0.159 cm3g-1) than that of the contrast-
ing sample (0.059 cm3g-1). Based on these results, it 
is obvious that the biomorphic SnO2, assembled by 
nanoparticles into the unique porous hierarchical 
architecture, possesses higher BET surface area and 
contains more mesopores, which are preponderant 
for better surface accessibility and more convenient 
gas transmission. 
　From the above investigation, the fine porous light-
weight skeleton was faithfully inherited from that 
of natural butterfly wings via the ethanol-assisting 
sol-gel soakage process followed by a calcination 
treatment. Rutile SnO2 nanocrystallites could be as-
sembled to form interconnected tubes, fastigiated 
hollow tubers, and double-layered substrates, which 
are further orderly organized into a unique porous 
hierarchical architecture with connective hollow inte-
riors and thin mesoporous walls. In view of the small 

Fig. 13　 TEM images of (a) part of single SnO2 scale, 
(b) the top view of the ridge, (c) the cross sec-
tion of the ridge, (d) the tip of the tube, (e) 
SnO2 nanoparticles building blocks, inset 
showing the SAED patterns; (f) the HRTEM 
image of the rectangular region in (e). 

Fig. 14　 (a)Nitrogen adsorption-desorption isotherms 
of the biomorphic SnO2 and the contrasting 
sample, (b) the corresponding pore size dis-
tribution curves.
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grain size and the unique hierarchical architecture, it 
can be expected that the biomorphic SnO2 would pos-
sess good gas sensing properties. The sensing mech-
anism could be described as gas surface chemisorp-
tion and electron acceptance, resulting in the change 
of the sensor’s resistance. Usually, oxygen molecules 
from ambient air are adsorbed on the surface of SnO2 
particles to form oxygen ions (O-, O-2 and O2-) by 
trapping electrons from the conduction band, which 
gives rise to a high resistance state. Upon exposure 
to ethanol, the adsorbed oxygen ions (O-, O-2 and 
O2-) react with the reducing gas to release electrons 
back into the conduction band, which reduces the re-
sistance. Herein, the gas sensitivity (S) is defined as 
S = Ra/Rg, where Ra and Rg are the sensor’s resis-
tance in air and in ethanol, respectively. The response 
(rise) or recovery (decay) time is defined as the time 
needed to reach 90% of the total signal change. The 
sensing experiments were carried out at 170℃ under 
an ambient relative humidity of 25%. 
　The biomorphic porous hierarchy was constructed 
by a layer of flexural wall that was assembled by SnO2 
nanocrystallites with diameter of around 7.0 nm. The 
wall thickness was tunable under the control of the 
impregnants concentration as well as the immersing 
time. The biomorphic SnO2 showed good sensing to 
ethanol and formaldehyde, due to its small nanocrys-
talline building blocks and unique porous hierarchi-
cal architecture. As shown in Fig. 15, the real-time 
sensing response of the sensors to ethanol (at 170℃) 
and formaldehyde (at 210 ℃), respectively. The re-
sponses are reversible with fast response and recov-
ery, and increase with increasing gas concentration. 
To a fixed gas concentration, the response increases 
sharply with decreasing wall thickness: SSnO2-3＜SSnO2-2

＜SSnO2-1. Fig. 15(c) and (d) shows the response 
variation of the sensors exposed to ethanol (at 170 ℃) 
and formaldehyde (at 210 ℃) at different concentra-
tions, respectively.
　Despite the dif ferent wall thickness, the as-fab-
ricated biomorphic SnO2 exhibited the same grain 
size of about 7.0 nm, well-organized macroporous 
frameworks, similar BET surface area and pore size 
distribution. Benefiting from the small grain size ef-
fect and the well-organized porous hierarchy facilitat-
ing gas diffusion, the biomorphic SnO2 showed good 
ethanol and formaldehyde sensing properties. The 
highest responses to 50 ppm ethanol and formalde-
hyde are about 49.8 and 30.4, respectively. It is more 
noticeable that the response of the biomorphic SnO2 

increased with the decreasing wall thickness despite 
the same grain sizes and similar microstructures. 

The response dependence should be ascribed to the 
increasing difficulty of the gas diffusion into inner 
grains via Knudsen diffusion with the increasing wall 
thickness, which is similar to that in thin films .

4.2 High light harvest ef ficiency photoanode 
derived from butterfly wings15)

　The discovery that butterfly wings have scales 
that act as tiny solar collectors has led us to design a 
more efficient solar cell that could be used for pow-
ering homes, businesses, and other applications in 
the future. In the study, we note that scientists are 
searching for new materials to improve light-harvest-
ing in so-called dye-sensitized solar cells, also known 
as Gratzel cells for inventor Michael Gratzel. These 
cells have the highest light-conversion efficiencies 
among all solar cells.
　We studied a novel photoanode structure inspired 
by butterfly wing scales with potential application on 
dye-sensitized solar cell in this paper. Quasi-honey-
comb like structure (QHS), shallow concavities struc-
ture (SCS), and cross-ribbing structure (CRS) were 
synthesized onto a fluorine-doped tin-oxide-coated 
glass substrate using butterfly wings as biotemplates 
separately, details of the process was shown in Fig. 16. 
The as-synthesized photoanodes are divided into four 
layers: glass substrates, F:SnO2 conductive layer, ana-
tase film, and titania film with butterfly wing micro-
structures.
　Papilio paris is a species of beautiful swallowtail 
butterfly found in South China. Upperside of the 
wings is black, irrorated with dark green scales, 
which on the outer portion of the forewing coalesce 
and form an incomplete post discal narrow band. 

Fig. 15　  (a and b) Real-time sensing responses and (c 
and d) response variations of the sensors to 
ethanol (170℃) and formaldehyde (210℃) of 
different concentrations, respectively.
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On the hind wing, there is a conspicuous upper dis-
cal shining blue patch. The other specie of butterfly 
used in our work as contrast is Thaumantis diores, 
the upper wings of which are brown black. A four-
level observation methodwas adopted in studying the 
morphology of butterfly wings. The first level deals 
with the macroscopic aspect of the butterfly wings, as 
the left column of Fig. 17 shows. The second level is 
the optical microscopy observation level, as images a 
and d in Fig. 17 show. Fig. 1a shows the area taken 
from the matte black wings of Paplio paris. The opti-
cal image (Fig. 1d) is from the shining patch on the 
hind wings. The outline and color of the scales can be 
clearly identified in these images. FESEM was used 
to study the fine structures (the third and fourth 
level) of the wing scales. For FESEM measurement, 
all the samples were stuck to microscope stubs with 
double-sided carbon tape and then coated by a thin, 
sputtered gold layer to provide a conducting surface 
and avoid charging effects. It should be noted that 
previous studies(28) have proven that there is no sig-
nificant distortion of the scale geometry during this 
process. The low-magnification images of the scales 
from blue and black areas on the wings are shown 
in images b and e in Fig. 17. The scale morpholo-
gies are totally different, i.e., the blue shining scales 
(Fig. 17e) on the patch presents one layer of scales 
with rounded endings, the arrangement of which 
on the wing resembles that of shingles on a roof. By 
contrast, the matte black scales (Fig. 17b) are more 
elongated and have a deep zigzag ending, composed 
usually of three to five fingerlike features.
　In this paper, we will focus on the fourth level, i.e., 
the surface and internal hierarchical structures of the 
scale, because they are responsible for the structural 
colors of the wings. Medium-magnification FESEM 
images (images c and f in Fig. 17) reveal that the 
structures of the blue and black scales have more 

obvious differences in the micron range. The black 
scales exhibit a complicated network structure called 
“quasi-honeycomb-like structure” (QHS), whereas 
the scanning electron micrographs of scales taken 
from the wings’ blue patch regions show that their 
surfaces comprise a regular two-dimensional array 
of shallow concavities structure (SCS) of about 5μ
m in width and 10μm in length. These concaves are 
responsible for the blue coloration of male butterflies 
according to the similar research doing by P. Vuku-
sic.
　The as-synthesized titania photoanode microstruc-
tures were shown in Fig. 18 with corresponding 
FFT images on the lower left-hand corner. The sam-
ples shown in the left column are synthesized in the 
lower concentration solution, while the right column 
samples are soaked in higher concentration. The 
morphology changes greatly, which are shown in the 
QHS (images a and b in Fig. 18). In Fig. 18b, the 
interspaces in the QHS are filled with titania particles, 
and the surface characters of the quasi-honeycomb 
structures are covered up. The changes are reflected 
on the corresponding FFT images, that is the diffuse 
ring pattern (shown in Fig. 18a inset) disappeared 
in Fig. 18b inset. By contrast, the spindle shape 
FFT from SCS are kept in the titania films, for the 
concavities are inherited in the titania films integrally, 
even the continued submicrometer drapes between 
the longitudinal ridges. The fill factors are nearly the 
same except the full filled sample (QHS-18 replica). It 
means that the morphology characteristics are main-
tained well, which is corroborated by the FFT results 
shown in Fig. 18.

Fig. 16　 Schematic Illustrations for the Transition Pro-
cess of Butterfly Wings onto the FTO Glass 
Slices: Step 1, Soak the Butterfly Wings in the 
Titanium Sulfate Precursor; Step 2, Calcine the 
Soaked Butterfly Wings onto the Prepared An-
atase Film on the FTO; Simplified Configura-
tion of the As-Synthesized Quasi-Honeycomb 
Structure Photoanode Shown on the Right.

Fig. 17　 Nature picture and low-magnification optical 
microscopy, low-magnification FESEM imag-
es and high-resolution FESEM images show-
ing the wing of the blue male (a-c) and black 
male (d-f). The insets in the lower left-hand 
(c, f) corner show the two-dimensional, loga-
rithmic Fourier power spectra of square areas 
selected from the images.
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　The transmission spectra measurements in the 
UV-vis range are shown in Fig. 19a. The wing sub-
strate and scales contain nearly the same amounts 
of pigments, especially the melanin, the differences 
in the transmission spectra are due to the diversity 
of the wings microstructures. The blue scales have 
higher transmissibility in longer wavelength, and 
the black ones with the CRS take second place, then 
the QHS ones take the third. According to the absor-
bance function shown below, A(λ) = 1 - R(λ) - T(λ), 
with A(λ) being the absorbance, T(λ) the transmit-
tance, and R(λ) the reflectance. For the black wing, 
reflectance is virtually constant throughout the whole 
spectral range. The QHS scales will have higher ab-
sorptivity than the CRS ones. Previous researchusing 
scanning photodiode detector has approved this con-
clusion further both in air and in liquid bromoform. 
That is because the black scales from Papilio paris 
clearly comprise a more intricate and densely distrib-

uted lattice of cuticle than the scales appearing black 
in color from Thaumantis diores show. That is why 
the butterfly wings with QHS has a larger light ab-
sorption efficient than normal butterfly wings. Once 
the light incident to this structure, therefore, is more 
efficiently scattered than normal strucutures, a larger 
light absorption can be achieved.
　The light harvest efficiency (LHE) of the photo-
anode was calculated by transmittance (T%) and re-
flectance (R%) using an integrating sphere (LHE(%) 
= 100－R%－T%).(30) This formula was in agreement 
with the absorbance function given in the previous 
paragraph. So by comparing the absorbance of the 
titania replica films, the LHE can be evaluated. After 
calcination, the absorption spectra of the samples 
were collected and compared shown in Fig. 19b. 
The absorbance values were converted from reflec-
tance data by instrument based on the Kubelka-
Munk theory. The absorption spectrum of the FTO 
glass substrate (red curve, in Fig. 19b) was used 
as the background absorption in the whole measure-
ments. After coating with a layer of anatase film using 
doctor blade methods, the curve shifted toward the 
longer wavelength due to the band-edge absorption 
of the titania. Three butterfly wing titania replicas 
with different microstructures (SCS, CRS, QHS) ex-
hibited quite different absorption characteristics. The 
CRS titania replica film has a higher absorptivity than 
the normal anatase film in longer wavelength. The 
blue wings replica shows a lower absorptive peak 
around 450 nm, and as a result the film appeared a 
little yellow. It is heart-stirring that the QHS titania 
replica film has a remarkable increase in the absorp-
tion curve. Compared with the normal anatase film 
and CRS replica, the characteristic band-edge ab-
sorption position of the titania film with QHS is red-
shifted to nearly 420 nm, because of the scatter and 
diffuse effect caused by the QHS in the titania replica 
film. This is similar to what happened in the original 
butterfly wings. Two main factors could influence 
the absorption spectra, one is the microstructures 
of the film, and the other is the remainder compos-
ing the film. All the samples were synthesized at the 
same condition, so the components of the film (TiO2) 
would have the same properties, especially the crys-
tal structures. 
　In conclusion, the butterfly wing scales templat-
ing procedure is a facile and economic design for the 
synthesis of hierarchically periodic microstructure 
titania photoanode without the need for complicated 
experimental conditions or equipments, such as 
photo lithography adopted. The quasi-honeycomb 

Fig. 18　 FESEM images of as-synthesized titania pho-
toanodes templated from butterfly wings with 
different colors. (a, b) Quasi-beehive structures 
synthesized in different conditions; (c, d) shal-
low concavities structures in different condi-
tions.

Fig. 19　 (a) Transmission spectra of the original but-
terfly wings: Continuous line (blue), short 
dash dot line (black wings with cross-ribbing 
structure), dot line (black wings with quasi-
honeycomb structure). (b) The wavelength-
dependent absorption (at normal incidence). 
Different colors represent different samples 
(cutline shown in the upper right corner).
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structure titania replica photoanode has a perfect 
light absorptivity and higher surface area, which give 
great advantages to the light harvesting efficiency 
and dye sorption. This structure gives the butterfly 
ultrablackness wings, so it is convincing that we 
could obtain potential ultra-absorptivity photoanode 
adopting the quasi-honeycomb structure. The suc-
cessfully synthesized butterfly wing microstructure 
titania photoanode we obtained not only gives us new 
ideas to DSC researches in technology and theory 
but also opens a short cut to the photothermal, pho-
tocatalyzed, and photosensitized devices research. 
Also, the fabrication method may be applied to other 
chitin substrate template and metal oxide systems 
that could eventually lead to the production of optical, 
magnetic. or electric devices or components as build-
ing blocks for nanoelectronic, magnetic, or photonic 
integrated systems.

5. Summary

　As described in this review, significant develop-
ments have been made in Bio-inspired materials 
using nature materials as templates during the last 
years. The field continues to grow internationally and 
contribute to new interdisciplinary areas concerned 
with the synthesis, self-assembly and processing of 
organized matter across arrange of length scales. 
Bio-inspired materials, as the result of learning from 
nature, will change our life styles and bring us to a 
higher level of civilization. The fabrication method 
may be applied to other nature substrate template 
and inorganic systems that could eventually lead to 
the production of optical, magnetic. or electric de-
vices or components as building blocks for nanoelec-
tronic, magnetic, or photonic integrated systems.
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Abstract

　Environment, energy, health and transport issues are dominating our modern daily live. 
The complex interactions of these problems can only be solved by sustainable processing and the 
development of improved components. Materials science will play an important role in this new 
approach. One domain with specific relevance are porous ceramics and metals. It are substrates 
with pores sizes ranging from vacancies at the atomic level to macro pores with sizes of millimeters. 
There are plenty of emerging applications for porous components in different industrial sectors. Each 
application will specify the window of properties of the porous material. 
　This review is limited to inorganic porous materials which can be synthesized by dry and wet 
powder processing methods. In order to cope with this large application domain and window of 
properties, several processing and coating routes and related characterization techniques have been 
developed. The overview of applications for porous inorganic materials is focused on macro porous 
components with a designed functional coating. Examples of applications include catalytic supports, 
diesel particulate filters, molten metal filters, biomedical scaffolds for tissue engineering and ceramic 
membranes for different separation purposes.

Keywords:  Porous materials, processing, applications

Designing With Pores - Synthesis and Applications†

J. Luyten, S. Mullens, I. Thijs
Materials Technology, VITO1

1. Introduction 

　Porous ceramics and metals materials find their 
applications in a very broad field, each demanding 
a specific window of properties. Within the last de-
cades, several manufacture and processing routes 
have been developed, enabling the manufacture of 
materials with a wide variety of porous architectures, 
pore size distribution (from a few angstroms to sev-
eral millimeters), interconnectivity, pore gradients or 
layers with different pores sizes.
　This contribution presents an overview of the dif-
ferent manufacturing routes for porous metallic and 
ceramic materials produced by powder metallurgical 
techniques. Their production process and optimiza-
tion are discussed. The complex 3-dimensional archi-
tecture of most porous materials requires a multitude 

of characterization techniques in order to have a full 
view on its properties.
　The practical use of porous materials and their 
important role to solve the problems of our modern 
daily life is illustrated by several examples of applica-
tions coming from different industrial sectors.

2. Definitions 

　Some statements about pore sizes are needed 
because they are connected to definitions used in 
specific application sectors. According to the in-
ternational Union of Pure and  Applied Chemistry 
(IUPAC), pore sizes are classified into three catego-
ries, namely micro pores, meso pores and macro 
pores with pore sizes less than 2 nm, between 2 and 
50 nm, and larger than 50nm respectively1, 2). This no-
menclature is used in the membrane scientific world. 
However, biomedical sciences uses micro pores for 
pore with micrometer diameters. Another example is 
the definition of ceramic foams as a class of materials 
comprising large voids (cells), with linear dimen-
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* Corresponding author
 E-mail: Jan.Luyten@vito.be
  TEL:+32 14 335667　FAX:+32 14 321186
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sion approximately ranging from 10μm to 5mm3, 4). 
Therefore careful interpretation of the nomenclature 
of porous materials as function of the application sec-
tor is necessary.

3. Overview of Applications 5-10)

　Table 1 classifies the main applications for porous 
materials as a function of their pore structure.

4. Developing a Porous Component for a Well 
Determined Application 11-15)

　The development of a porous component starts 
with the pore structure requirements. These include 
the pore size distribution, the porosity, the nature 
and shape of the pores (open or closed; spherical, 
elongated or random), interconnectivity and so on. 
In addition to these requirements on porous archi-
tecture, other demands have to be fulfilled as well for 
the porous material to be considered for a specific ap-
plication: mechanical strength, specific surface area, 
thermal shock resistance, corrosion resistance and 
so on. All this questions have to be solved by defining 
the combination of a material and a processing route. 
In this contribution, as we mentioned, we limit our 
self to components which can be produced by powder 
processing. Therefore the macro porous structure 
will be obtained by different shaping routes followed 
by conventional thermal treatments as drying, calcin-
ing and sintering. 

　In the case of a functionalized porous material the 
material is comprised of two or more pore sizes, two 
or more materials and a mix of manufacturing routes. 
The functional layer can be realized by various (non- 
line of sight) coating techniques. For example, in-
organic membranes aim at a high performance (i.e. 
separation factor in combination with a high gas or 
liquid flux), combined with mechanical, chemical and 
thermal stability. As such, they are composed of dif-
ferent layers with a gradient in pore sizes and layer 
thickness. Depending of the elements which has to 
be separated, the pore sizes goes from 5 - 10μm to 
less than 2nm or even dens. The functional layer, i.e. 
the separation layer, will be obtained by a sol gel coat-
ing technique for e.g. nano filtration membranes. 
　For applications as separation and biomedical 
porous scaffold for tissue engineering, the intercon-
nectivity of the pores is very important but this is not 
the case for materials which are used, as isolation, 
impact material, or kill furniture. The most common 
diesel particle filter (DPF) material is a honeycomb 
structure with openings in the range of mm, porous 
walls with pore sizes ranging from a few microns to 
~20 micron, onto which a meso porous wash coat is 
deposited for the catalytic combustion of the collect-
ed soot. Other catalytic supports are zeolite coatings  
(Fig. 1) produced by hydrothermal treatment. With 
these examples in mind it is clear that the synthesis 
of functional porous materials can be divided into 
manufacturing routes to obtain (macro) porous com-
ponents and in techniques to coat these substrates 

Table 1　Classification of applications by the type of pore structure
Pore structure Application
Micro-and meso porous materials Desiccant materials

Sensors and actuators
Thermal isolation
Catalyst (support)
Drug delivery systems, coatings , carriers

Foam- and honeycomb structures Exhaust gas f ilter
Diesel particle f ilters
Filters for molten metal
Porous Electrodes of fuel cells
Porous Burners
Catalytic substrates 
Biomedical porous scaffolds for tissue engineering
Impact and acoustic materials
Kiln furniture
Lightweight sandwich structures

Multilayer materials Ultra f iltration membranes
Nanof iltration membranes
Gas separation membranes
Zeolite membranes
Pervaporation membranes
Dens membranes (oxygen or proton conductors)
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with a porous layer. 

5. Synthesis Routes 16-27)

　Table 2 gives such overview of manufacturing 
routes to produce the macro porous structures and 
the coating techniques to functionalize their surface.

　Table 3 shows a summary of techniques which are 
conventionally used to determine the pore size distri-
bution, the interconnectivity and the specific surface 
area of porous materials. Although useful as such, no 
single technique is able to cover the wide range of 
characteristics needed to describe the porous mate-
rial. The complex 3 dimensional architecture of this 
class of materials necessitate a range of analysis tools 
to get a view on the structure of the porous network. 
　These analysis techniques can be classified based 
on 
　▪ the type of pores that are measured (open, 

closed, or blind pores)
　▪the pore size range (from 1 nm － millimeters), 
　▪the dimensional determination (2D versus 3D), 
　▪t he (non) destructive nature of the measure-

ment, or
　▪the amount of pores typically taken into account. 
　Apart from the information on the pore size distri-
bution, other information on the porous architecture 
can be obtained by the combination of different tech-
niques (shape of pores, pore volume, surface area or 
strut thickness).
　Also some specific application-oriented testing 

Fig. 1　Zeolite coating on the struts of an Al2O3 foam.

Table 2　Synthesis techniques for macro substrates and coatings for the functionalization
Manufacture of macroporous support Coating techniques
Replication of Sol gel
　 ▪ Polymer (e.g. PU foam) 　 ▪ Colloidal
　 ▪ Natural materials (e.g. wood) 　 ▪ Polymeric
Direct foaming Wash coat
　 ▪ Preceramic polymers
　 ▪ Gel casting
Use of pore formers Vapor Deposition

　 ▪ Chemical
　 ▪ Physical

Freeze casting Precipitation
　 ▪ Hydrothermal
　 ▪ Biomimetic

Extrusion (e.g. honeycombs) Electroforesis
Gas introduction Electrodeposition
Hollow building blocks Plasma coatings

　 ▪ Vacuum
　 ▪ Atmospheric

Additive manufacturing
　 ▪ Selective Laser Melting
　 ▪ Selective Laser Sintering
　 ▪ E-beam melting
　 ▪ Stereolithography
　 ▪ Fused Deposition Modelling
　 ▪ 3D Printing
　 ▪ 3D FD
Partial sintering
　 ▪ Partial
　 ▪ Large grains
Connected f iber, rod, other shapes
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methods are frequently performed (e.g. cut-off mea-
surements for membrane development). A full de-
scription of these characterization techniques is out-
side the scope of this publication. For more details, 
reference is made to some review publications.
   In addition to the analysis of their pore structure 
other properties related to their application have also 
to be tested: mechanical properties, thermal con-
ductivity, dielectric constant, specific surface area, 
chemical resistance, hardness/wear, tortuosity of the 
flow path and so on.

6. Designing Porous Materials 30-31)

　Recently a new trend towards the design of po-
rous materials with a specific periodic architecture 
and a highly reproducible porous architecture has 
emerged. Additive manufacturing routes, already 
many years used in the shaping of polymeric materi-
als, have been developed to shape metallic and ce-
ramics materials. The class of additive manufacturing 
routes varies widely with regard to the nature of the 
starting material (liquid, solid or powder based) and 
the solidification process (laser induced melting or 
sintering, e-beam melting). Related to the rapid man-
ufacturing process, also material properties, speed of 
building, cost, volume, surface finish and complexity 
of the part varies widely.
　The progress of rapid manufacturing techniques 
for ceramic materials has somewhat been lacking 
behind. One possibility to overcome this problem is 
to combine additive manufacturing for the shaping 
of the ceramic powder with the conventional thermal 
treatments. One technologies which uses such an 
approach is 3 Dimensional Fiber Deposition (3DFD). 
This manufacturing technique enables the produc-

tion of periodic porous ceramics and metals
　3D Fiber Deposition (also called direct-writing or 
robocasting) comprises the extrusion of a highly vis-
cous paste loaded with metallic or ceramic particles 
through a thin nozzle. By computer controlled move-
ment in x, y and z-direction, the porous architecture 
is built layer-by-layer. After sintering, a highly repro-
ducible and periodic porous structure is obtained. 
The process variables include a.o. the nozzle opening 
(~fiber thickness), the type of nozzle (~fiber shape), 
the interfiber distance (~pore size) and the stacking 
of the layers (~porous architecture, see Fig. 2). As 
such, flow path for either gas or liquids can carefully 
be controlled and optimized with regard to pressure 
drop or contact time with the active coating. More-
over, by a patent-pending technology, the micropo-
rosity and surface roughness of the fibers can be 
controlled.
　The custom-built equipment for 3DFD consists 
of a paste reservoir with nozzle, mounted on a CNC 
machine or on a x, y, z-table. The input for the equip-
ment is a CAD design. This design is sliced (by a cus-
tomized software) in order to generate the beginning 
and end positions of each fiber. These positions serve 
as coordinates for the x,y,z-table.
　Typical dimensions of parts are 40 mm by 40 mm 
and a height of approximately 35 mm, with fiber 
thickness from 300μm to 900μm. Multiple nozzles 
can be mounted onto the equipment in order to speed 
the production of similar pieces.
　The keys for this type of technology are the com-
position of the paste that is extruded and the produc-
tion parameters: a carefull balance between a high 
viscosity to be able to bridge the underlying gaps, the 
drying behavior, the speed of deposition and the ex-
trusion force. Both ceramic and metallic parts have 

Table 3　Characterization techniques for porous materials 28-29)

Main parameter Analysis tool
Pore size distribution PPI-method (pore per inch)

Visiocell
Image analysis
Scanning / Transmission Electron microscopy
Gas adsorption / desorption
Cutt-off measurements
Computer Microtomography
NMR micro-imaging

Interconnectivity Mercury intrusion porosimetry
Liquid extrusion
Capillary f low porometry
Gas / liquid permeability measurements

Specif ic Surface Area Gas adsorption / desorption
Mercury intrusion porosimetry
Capillary f low porometry
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been manufactured (see examples in Fig. 4).

7. Some Applications in Detail

7.1. Multilayer ceramic membranes 32-35)

　Due to their inherent cost, ceramic membranes 
will only be used in situations where polymeric can-
not meet the requirements: in the case where a 
high chemical, thermal or mechanical resistance is 
needed. The optimization of a membrane focuses in 
the first place on the combination of a high flux and a 
high separation factor. This can only be obtained by 
a multilayer component built up by layers with a gra-
dient in pore sizes and layer thickness: in the sense 
that how smaller the pores how smaller will be the 
layer (Fig. 5).
　Tubes, hollow fibers and plates are the most com-
mon support shapes. The macro porous substrates 
with pores of 5 to 10μm and a porosity of 30 to 50% 
of fer the mechanical strength of the membrane. 
Mostly, the tubes are produced by extrusion, the hol-
low fibers by a spinning technique and the plates by 
pressing or tape casting. By slip casting with powders 
suspensions with different particles sizes different 
layer were built up on the macro porous layers till a 
pore size of about 0.1 to 0.2μm. A layer with such 

a pores size can support the thin separation layers 
which are mostly produced by a sol gel process. A 
first sol layer(s) is prepared following the colloidal 
route. After hydrolyses and condensation reactions 
of the precursor, metal salt or metal-organic precur-
sor with water, a colloidal sol is obtained. After coat-
ing, calcining and sintering, a mesoporous layer is 
obtained. For the polymeric route, the precursors are 
dissolved in organic solvent -with or without a limit 
amount of water-. This results in a sol with fractals, 
and finally with a micro porous (<2nm) top layer. The 
top layer can also be produced by a hydrothermal 
treatment as is the case of zeolite membranes. Fur-
ther surface modifications e. g. by grafting can be 
performed in function of the specific application e.g. 
separation of solvents. In a membrane reactor, the 
catalytic reaction can be enhanced by the separation 
function of the membrane. 
　Another category are the dense membranes, the 
oxygen and proton conductors (Fig. 6). Vacancies 
are here the main transport mechanism of O- or 
H-ions in elevated temperature ranges. Neverthe-
less, a membrane with modified surface has a better 
performance because the total mechanism of trans-
port exists of three steps: the adsorption of O2 or H2 
at one side of the membrane, the hopping of these 

Fig. 2　Examples of 3DFD stacking designs.

(a) (b) (c) (d)

   
  

  

  

 

d

t

d/2

  

  

   

d

t

d/2

   
        

  

  

  

d 

t 

        

  

          

d 

t 

    

    
 

    

 

d/3

    
 

    

 
    
5

3

1   

d

  
  

1

  

1

3
3
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atoms through the dense structure with the help of 
vacancies and the desorption at the other side of the 
membrane. Surface modification can be obtained by 
another structure, by roughness, with a certain micro 
porosity or by a layer with a catalyst to enhance this 
adsorption- or desorption step. 

7.2 Porous scaffolds for tissue engineering 36-44)

　Although the large regenerative capacity of bone 
is generally recognized, large bone defects due to 
trauma or tumors are still a big challenge for sur-
geons, as no spontaneous healing of the bone occurs. 
Bone tissue engineering is a new approach to these 

Fig. 4　Examples of parts built by 3DFD discontinuous extrusion a) cylinder b) a vertebra  shape and c) a half sphere.

 

(a) (b) (c) 

Fig. 6　Dense section of oxygen separation ceramic hollow fiber membrane produced by a spinning technique.

Fig. 5　A multilayer ceramic membrane showing the different layers.
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kind of problems, whereby a porous scaffold is used, 
onto which stem cells can be seeded, and coated with 
proteins and other biologically active species. 
　As the exact biological response of cells in a po-
rous scaffold remains unclear until now, the synthesis 
of the porous scaffolds is maybe the easiest step in 
this complex procedure. However, the criteria posed 
onto a candidate scaffold material is long. First of all, 
a wide range of biocompatible materials is available. 
Calcium phosphates (CaP) and bioglasses will be ab-
sorbed by the body after some time but they are too 
brittle to be used as a load bearing material. Metallic 
materials, mostly Ti and Ti-alloys, offer sufficient me-
chanical properties, are ductile and the small layer 
of TiO2 onto the surface impedes a fast dissolution of 
metal ions. Mg and its alloys are reported to combine 
load bearing properties and bio absorbability. Untill 
now, its high reactivity during synthesis, high cor-
rosion rate and biological interactions need further 
study before clinical implementation.
　For a good integration in the bone structure, the 
properties of the scaffold (E-modulus, compression 
strength, porosity, pore sizes, ductility) are to be 
tuned to the properties of the bone (Table 4). The 
optimal pore size is considered to be in the range of 
100 to 500μm, to allow cell seeding, to stimulate the 

vascularisation of the scaffold, and the transport of 
nutrients to the cells and the removal of waste prod-
ucts. Depending on the material and the porosity, 
the E-modulus and mechanical strength can tuned 
to avoid stress shielding, a phenomenon which is 
known to cause implant loosening due to a mismatch 
in mechanical properties between surrounding bone 
and implant. 
　In the case of Ti and Ti alloys, ductility is function 
of the quantity of the interstitial impurities (O, N, H, 
and C) of the metal. These impurities can already be 
present in the powder or are introduced during the 
processing or the thermal treatments of the compo-
nent. 
　Apart from structural and mechanical require-
ments posed onto the scaffold, its surface should 
enhance the bioactivity. Cell attachment and the ad-
hesion of a bioactive coating are improved by these 
microporosity or surface roughness. Examples of po-
rous structures used as biomedical scaffold are given 
in Fig. 7 a and b, structures respectively produced 
by gel casting and by the 3DFD technology. 
　A further development in scaffold materials are the 
bioactive coatings. Fig. 8 shows a CaP coating pre-
pared on a Ti scaffold by a precipitation technique. 
Such porous CaP structures can be used as drug 

Table 4　Some macro porous properties of porous Ti - en Ti- alloys scaffolds
Property Range
porosity >65%
Interconnectivity of the pores >90%
Pore size d 50<d<500μm
Modulus <3 GPa
Compression strength >40 MPa
Ductility >10% 

 

 

(a) (b) 

 
500

Fig. 7　Porous architecture of Ti6Al4V scaffold produced by (a) gel casting and (b) 3DFD.
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delivery system to overcome bone infections. Fig. 9 
shows the antibiotic release curve of a drug delivery 
system existing of porous CaP fibers coated with a 
barrier of poly lactic acid (PLA) coatings with differ-
ent layer thickness.

7.3 Removal of intermetallic particles for the 
purification of Aluminum alloys 45-48)

　In the framework of a collaborative program 
on recycling (Growth program of the EC, GIRD-
CT-2002-00728), the purification of molten aluminum 
has been studied. The approach was to capture ele-
ments like Fe, Mn, and Si in intermetallic particles, 
which subsequently have to be removed. One of the 
different techniques which were used here was fil-
tration. The filtration process is well known for the 
removal of inclusions from the melt, but due to the 
formation of rather long intermetallic fiber-like pre-
cipitates (Fig. 10), clogging of the filter occurred.
　Forced filtration (or inverse filtration) was demon-
strated as a solution to overcome the clogging on lab 

scale. After the precipitation of the intermetallics by 
cooling down the melt to about 600℃, a 40 ppi foam 
was pressed down through the vessel, compacting 
the solid intermetallics to the bottom.  By repeating 
this procedure at lower temperatures, by staying at a 
temperature where liquid and solid phases are pres-
ent, more intermetallics can be concentrated as a 
kind of residue at the under part of the crucible. For 
capturing smaller intermetallic particles an active fil-
ter can be a solution.  Such filter consists for instance 
of a foam filter coated with a salt (e.g. NaBr in Fig. 
11 a, b), which becomes viscous and sticky at the 
melting temperature of the Al metal.

7.4. Diesel particulate filter (DPF) 49-59)

　Another example of a functionalized porous mate-
rial is DPF. This kind of filters have to remove the 
carcinogenic soot particles from the outlet of diesel 
engines. Apart from a high filtration efficiency, other 
important requirements include a low pressure drop 
over the filter material (due to the fuel penalty in-
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Fig. 9　 The release curve of an antibiotic from a porous CaP fiber as a function of time and using PLA coatings with 
different thicknesses.

Fig. 8　A porous CaP coating on a Ti-scaffold as drug reservoir.
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volved) and the material must be able to withstand 
the temperature shock during the regeneration cyc-
lus.
　To design a good filter, a low pressure drop is a 
prerequisite. Therefore, large pores, high intercon-
nectivity and a high filter surface are important. To 
combine this high flux with a sufficient separation 
factor, a thin layer with smaller pores will be needed. 
Finally, to burn off the soot particles on an economic 
way, in this case at a relative low temperature, a meso 
porous catalyst has to be foreseen.
　Several porous architectures have been suggested 
for use as DPF: ceramic or metallic foams, connected 
fibers or honeycombs (Fig. 12). The most of the 
conventional DPF for cars are based on a honeycomb 
filter which is obtained by an extrusion process, due 
to its large filtration capacity and efficiency. The chan-
nels with openings in the order of millimeters create 
the large filtration surface. The thin walls of the hon-

eycomb with pores around 15μm, the tortuosity of 
the pore structure and the soot cake formation give 
the filter an efficiency of more than 99％. 
　Regeneration of the filter is most commonly per-
formed by the catalytic combustion of the collected 
soot. Therefore, the honeycomb walls are coated with 
a wash coat existing of a mesoporous structure with 
a high specific surface as (e.g. Υ-AL2O3), containing 
a few percent of precious metals as Pt and/or Pd. 
　Of course this filter has to fulfill other require-
ments as mechanical strength, thermo shock resis-
tance, thermal conductivity, thermal capacity, suf-
ficient high melting point, corrosion resistance, and 
reasonable price. Because all these requirements 
could not be fulfilled by one material, different varia-
tions are on the market: cordierite, SiC and Al2TiO5. 
A recent variation is the honeycomb structure with 
an arcicular mullite (developed by Dow Co.) based 
on a process with a fluor exchange. The development 

Fig. 10　Metallographic section showing intermetallic needles in Al-Fe-Mn matrix.

Fig. 11　NaBr coatings on the struts of an Al2O3 foam used in Al purification.
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focuses on the mixing of this arcicular mullite struc-
ture with common cordierite to improve the other 
application requirements of a DPF.

8. Summary

　This contribution aims to give an overview on the 
processing and characterization techniques which 
play a role in the design of inorganic materials for 
many applications. To illustrate this issue different 
examples of applications with porous components are 
discussed in detail. It is clear that porous structures 
can play a role in solving environment, energy, health 
and transport issues by their unique combination of 
porous architecture and materials properties. 
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Abstract

　In this paper, the ef fect of powder processing conditions on the fracture strength of advanced 
ceramics is discussed. Manufacturing processes of silicon nitride ceramics and alumina ceramics are 
utilized to explain the relationship between powder processing conditions and major fracture origin 
in the ceramics. The preparation conditions of powder slurry are found affecting the structure and 
strength of powder granules, which can influence the properties of green compact and thus the quality 
of sintered ceramics.  These phenomena can be investigated by using new characterization tools such 
as the liquid immersion method and the observation technique using thinned ceramics specimen 
under the transmission mode. Also, very small amount of coarse particles contained in the powder 
slurry is found starting the fracture in ceramics by using wet sieve analysis and the observation 
technique with thinned ceramic specimen. As a result, it is found that the major ceramics fracture is 
originated from the large pores and coarse particles in powder granules, green compact and sintered 
ceramics. They can be unintentionally introduced in the manufacturing steps of ceramics, such as 
powder slurry preparation, spray drying, and forming process of green compact. By making use of 
these characterization tools, ef fective processing conditions to eliminate the large pores and coarse 
particles can be identified for producing high quality advanced ceramics.

Keywords:  Powder processing, Sintered ceramics, Green body, Granule, Slurry, Coarse particle, Fracture 
strength, Fracture origin

Powder Processing Issues for High Quality
Advanced Ceramics†

Makio Naito*, Masataro Okumiya, Hiroya Abe and Akira Kondo
Joining and Welding Research Institute, Osaka University1

C.C. Huang
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1. Introduction

　Powder processing technology has been widely 
used in many industries. However, it needs a lot of 
know-how to make high quality and low cost products 
by making use of powder materials. For example, 
manufacturing process can have a significant influ-
ence on the properties of advanced ceramics. For a 
given production method, a minor change in the pow-
der processing condition can cause a great difference 
in the ceramic quality. Fig.1 shows a typical powder 
granule compaction process used in the ceramic 
manufacturing 1) to make sintered ceramics. It indi-

cates that non-uniform structure, such as large pores 
or coarse particles in the green compact, can become 
fracture origin 2, 3), which affects the reliability of sin-
tered ceramics. On the other hand, powder packing 
structure, such as particle orientation or apparent 
density distribution in the green compact, also influ-
ences the deformation of sintered body; thus leads to 
its fracture strength and near-net shaping. Therefore, 
the manufacturing process of green compact before 
firing is crucial for producing high quality advanced 
ceramics.
　In this paper, the manufacturing process of silicon 
nitride ceramics and alumina ceramics is used to elu-
cidate the relationship between the powder process-
ing conditions and the fracture origin in the ceramics. 
For examples, the effects of powder slurry prepara-
tion conditions and small amount of coarse particles 
in the powder slurry on the properties of sintered 
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ceramics are discussed. Detailed characterization of 
powder raw materials, powder slurry, powder gran-
ules, green body, and sintered body is found neces-
sary to understand and control ceramic processing 
conditions and is essential to open the black box of 
ceramic manufacturing processes.

2. Effect of Powder Processing Conditions on 
Ceramic Properties

2.1 Powder slurry preparation conditions
　Slurry preparation conditions can directly affect 
the powder granule properties made by spray drying 
and lead to non-uniform structure of green compact. 
Fig.2 shows the fabrication process of silicon nitride 
ceramics by powder granule compaction 4). Commer-
cially available silicon nitride, alumina, and yttrium 
oxide powders were used as the starting materials. 
Average particle size of each powder measured by 
X-ray sedimentation was 0.44μm, 0.33μm, and 0.29
μm, respectively. Silicon nitride powder (270g) was 
mixed with alumina (15g) and yttrium oxide (15g) by 
ball-milling with distilled and deionized water (155g) 
for 24 hours. Dispersant was not added because the 
pH of the slurry moved to the basic region (up to 
10.5) during mixing, at which silicon nitride could 
be deflocculated electrostatically due to the reaction 
of silicon nitride and water. After passing through a 

sieve (32μm) to remove undesired large agglomer-
ates or inclusions, the slurry was divided into two 
groups; one was spray-dried in the as-dispersed state 
and the other in the flocculated state. For the floccu-
lated one, the pH of the slurry was adjusted to 9.4 by 
slowly adding a HNO3-H2O solution with continuous 
stirring at room temperature. The slurry was then 
dried to form powder granules using a spray dryer.
  Fig.3 shows a micrograph of the granules prepared 
from a well-dispersed slurry (pH=10.5, apparent 
viscosity: 300mPa・s) and that of flocculated slurry 
(pH=9.4, apparent viscosity 6500mPa・s), respec-
tively 4). They were observed by liquid immersion 
method 5). Most of the granules prepared from well-
dispersed slurry had distorted spherical shapes and 
contain dimples, which were also clearly visible in 
the micrograph taken in the optical transmission 
mode, as shown in Fig.3 (a). On the contrast, the 
granules prepared from flocculated slurry were es-
sentially spherical and no dimples as shown in Fig.3 
(b). However, when observing the SEM micrographs 
of theses granules, some dimples shown in Fig. 3(a) 
were apparently absent, because they were placed 
on the specimen holder with the dimple down. It 
indicated that conventional characterization tools 
were insufficient to observe the granule structure as 
shown in Fig.3.
  The slurry dispersion state strongly influences the 

Fig.1  Powder granule compaction process to make sintered ceramics.
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Fig. 1　 Powder granule compaction process to make sintered ceramics.
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granule structure 6). Droplets injected into a spray 
dryer are dried with evaporation of water from the 
surface. In case of dispersed slurry, water flows 
from the interior to the surface of a droplet and the 
particles are carried along with the flow to the area 
near the surface, leaving behind an internal void, as 
drying proceeds. It is believed that a partial vacuum 
is formed in the internal void, leading to the collapse 
of the granules near the end of the drying cycle. As 
can be seen in Fig.3 (a), the mechanism results in 

granule deformation and the formation of a dimple 
structure on almost all powder granules made from 
dispersed slurry.
　On the other hand, droplets made from flocculated 
slurry are considered to be composed of agglomer-
ates in which primary powder particles are touching 
each other. Because water can migrate and evapo-
rate easily from the source without distributing the 
loosely packed structure in and between agglomer-
ates, solid granules are easily formed. As a result, 
the granules tend to have a spherical shape without 
dimples as shown in Fig.3 (b).
　Fig.4. shows the Weibull distribution curves of 
the fracture strength of sintered bodies 4). Average 
strength of sintered body fabricated from flocculated 
slurry (717MPa) was obviously higher than that from 
well-dispersed slurry (607MPa), although the cal-
culated Weibull moduli were high for both of them. 
The fractographical analysis for the fractured speci-
men clearly indicated that large pore defects were 
responsible for fracture origins in the silicon nitride 
ceramics 4). Such larger pore defects were developed 
in the ceramics originated from the structure and 
strength of powder granules. In this case, large pores 
developed starting at the centers of granules origi-
nated from dimples through powder packing during 
compaction and those at the boundaries caused by 
incomplete adhesion between granules affected the 
fracture strength of ceramics. In the experiment, 
large pore size was apparently larger in the thinned 
specimen of the sintered ceramics made by well-
dispersed slurry. However, such difference cannot 
be observed by microstructure analysis alone even at 
higher magnification 7, 8).
　Although the structure of powder granules is simi-
lar, the fracture strength of the sintered bodies may 
still be affected by the slurry preparation conditions 9). 
Table 1 indicates the preparing conditions of the 

Fig.2  Fabrication process of silicon nitride ceramics.
Fig. 2　 Fabrication process of silicon nitride ceramics.

Fig. 3　 Internal structure of granules observed by liquid immersion method
　　　　(a) prepared from well-dispersed slurry ; (b) prepared from flocculated slurry.

Fig. 3  Internal structure of granules observed by liquid immersion method
(a) prepared from well-dispersed slurry; (b) prepared from flocculated slurry.
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three slurries with some difference in apparent vis-
cosity 9). Alumina powder (AL160-SG4, Showadenko, 
Japan, average particle size: 0.46μm) was mixed 
with 0.2, 0.5, 2.0mass% of polymer dispersant (Ammo-
nium polyacrylate, CELUNA-D305, Chukyoyushi, Ja-
pan) and distilled and deionized water for 24h by ball 
milling. The solid concentration of the slurry was 35 
vol%. The pH of slurry with 0.2 mass% dispersant was 
increased to 10 by adding dilute NH4OH solution, 
which also decreased its viscosity to 43mPa・s. The 
slurries were spray-dried for granulation. The gran-
ules were uni-axially pressed at 9.8 MPa, and then 
isostatically pressed at 176 MPa. The green compact 
were sintered at 1550 °C for 2hr in air. As indicated in 
Table 1, three kinds of slurries showed low apparent 
viscosity; and, the granules made by the slurries had 
distorted spherical shapes and contained dimples, 
which were also clearly visible in the micrograph 
taken under the optical transmission mode, as shown 
in Fig.3 (a). Also, no big difference was observed 
in size distribution of granules made from the three 
slurry preparing conditions, and their average sizes 
were all about 60μm.
　Table 1 presents the density and fracture tough-

ness of the specimens. The values are almost the 
same for these ceramics. Fig.5 shows the strength 
distribution of the alumina ceramics 9). However, a 
significant variation of strength associated with the 
slurry preparing condition was noted. The average 
strength is 486, 430 and 363MPa respectively for 
specimens made from the three slurry preparing 
conditions.
　Fig.6 shows a comparison of the compressive 
strength of the granules prepared from the three 
dif ferent slurries 9). The strength of granules was 
measured with a micro compression test machine 
(MCTM-500, Shimadzu Co., Japan) and the compres-
sive strength was calculated by applying the model 
proposed for the elastic deformation of spherical par-
ticle 10,11).
　Fig.7 shows the transmission optical micrograph 
of the thinned ceramics specimens 9). The dark fea-
tures are pores in the structures. Clearly, the present 
ceramics have defects at the center and boundaries 
of granules. They are developed from the irregulari-
ties of packing structure of powder particles in green 
compact. The pore structure was similar for the three 
specimens, except for the size of the pores associ-
ated with the slurry preparing condition. The relation 
between the pore number density versus the pore 
size of the sintered specimens made from the three 
slurries was measured 9). The pore number density 
was defined as the number of pore per unit volume of 
specimen per unit size interval. The effective volume 
of specimens under the analysis was about 0.5 mm3. 
In this study, relatively large pores were subjected to 
the analysis. Pores were assumed to have a spherical 
shape and their sizes were represented by the equiva-
lent diameter.
　According to the fracture mechanics, the strength 
of ceramics σ , can be related to the size of fracture 
origin, c, by the following equation:

　　　 KIC = σYc1/2　 (1)

　Where KIC is the fracture toughness and Y is the 

Fig. 4  Weibull distributions of the fracture strength measured for sintered specimens.Table 1  Slurry preparing conditions and properties of the sintered ceramics
Table 1　 Slurry preparing conditions and properties of the sintered ceramics

Fig. 4　 Weibull distributions of the fracture strength 
measured for sintered specimens.
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shape factor. As expected from the equation, fracture 
strength of ceramics should change depending on 
the size of fracture origin, provided that the fracture 
toughness and the shape factor are the same. Focus-
ing on large pores, the size as shown in Fig.7 (b) is 
1.29 times larger than that in the specimen shown 
in Fig.7 (a). Provided the shape factor is the same, 
the average strength of the sintered sample made 
from the slurry of pH 10 is estimated 1.34 times 
higher than that made from the slurry of pH 8.1. This 
estimate is in good agreement with the measured 
strength as shown in Fig.5.
  The change of the large pore size can be ascribed 
to the difference in the granule strength as shown in 
Fig.6. In compaction of harder granules, less defor-
mation can occur at a certain compaction pressure 
and this leaves larger pores in compacts. The size of 

large pore increases with the granule strength, which 
was strongly affected by the amounts of dispersant in 
slurry as shown in Fig.6.
　The granule strength is influenced by various 
factors, such as the powder packing structure as 
well as the amount and distribution of dispersant 
in granules 12). In this study, the dif ference of the 
granule strength can be ascribed to the latter factor 
dominantly, since the granule structure was almost 
similar. It is considered that the amounts of disper-
sant added, 0.2, 0.5 and 2.0 mass %, are insufficient, a 
little excess and excess for covering the powder sur-
faces based on the relation between the amounts of 
dispersant and the slurry viscosity, respectively. With 
excessive dispersant, the non-adsorbed dispersant 
becomes free polymers in the slurry. In spray drying, 
the free polymers form solid bridges between powder 

Fig. 5  Strength distribution of the alumina ceramics.Fig. 5　Strength distribution of the alumina ceramics. Fig. 6　 Compressive strength distribution of alumina 
granules associated with different slurry pre-
paring conditions. 

Fig. 6   Compressive strength distribution of alumina granules associated with different slurry
preparing conditions. 

Fig. 7  Microstructures of alumina ceramics examined with optical transparent technique,
(a) specimen made from the slurry prepared with #1 condition
(b) specimen made from the slurry prepared with #3 condition

(a) (b)
Fig. 7　 Microstructures of alumina ceramics examined with optical transparent 

technique,
　　　 (a) specimen made from the slurry prepared with #1 condition
　　　 (b) specimen made from the slurry prepared with #3 condition
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particles, increasing the granule strength consider-
ably. Clearly, polymeric additives have critical effects 
on the cohesive force between particles and thus on 
the powder compaction process.

2.2 Coarse particles in powder slurry
　The control of particle size distribution of powder 
is also important in slurry preparation. Powder is 
processed using mechanical method such as ball mill-
ing. Very few numbers of coarse particles can affect 
the fracture strength of sintered ceramics; therefore, 
particle size control is very important to achieve high 
quality advanced ceramics.
　A fundamental study was conducted to understand 
the effect of coarse particles on the fracture strength 
of ceramics. The specimens were prepared through 
the procedure as shown in Fig.8 13). Low soda alu-
mina powder (AL-160SG-4, Showa Denko K.K., Ja-

pan) was used as raw material. The nominal average 
particle size was 0.5μ m. The powder was placed in 
alumina pot mill (SSA-999, Nikkato, Japan, volume 
2000ml) with 2kg of alumina balls (SSA-999, Nik-
kato; diameter 5mm) and 400g of aqueous solution 
(2 mass%) of dispersant of polyacrylic acid type (CE-
RUNA D-305, Chukyo Yushi, Japan), and mixed for 
24h to make a slurry with the solid content 50vol%. 
The slurry was passed through a mesh (2mm open-
ing) to separate the balls. Weighed slurry was placed 
in a container and stirred continuously with a stir-
rer while small amount of coarse particles (0.01-0.1 
mass%) was added. The coarse particles for addition 
were prepared from the unground raw material used 
in the production of the present fine alumina powder. 
The coarse particles were classified into three frac-
tions by sieving before being used. Each fraction of 
coarse particles was added to individual slurry; there-
fore, three kinds of slurries with coarse particles 
were prepared. Each slurry was kept stirring for 2h 
after the coarse particles were added. Finally, each 
slurry was cast in gypsum molds (100 x 100 x 9mm) 
to prepare green compacts with coarse particles. Af-
ter drying, the compact was heated at 1550°C for 2h 
in an electric furnace to sinter the model ceramics 13).
　In the micrograph, at high magnification, platelet-
shape particles form aggregates of porous structure 
with the size of 10-20μm 13). At lower magnification, 
these aggregates form the coarse aggregates in large 
scale. In this experiment, such coarse aggregates 
are referred to as coarse particles. Table 2 shows 
the measured densities of green compact and ceram-
ics 13). The densities were approximately the same 
for all compacts. The densities of all ceramics were 
again the same. Clearly, addition of a small amount 
of coarse particles has no effect on the densities of 
ceramics.
　Fig.9 shows the Weibull plots and the fracture 
toughness for all specimens13). The specimen 
strength decreased with increasing size of coarse 
particles added. The Weibull moduli were similar and 
over 20 for all specimens. All ceramics basically have Fig. 8　 Fabrication process of alumina ceramics.

Fig. 8  Fabrication process of alumina ceramics
Table 2  Densities of green bodies and sintered bodies

Table 2　 Densities of green bodies and sintered bodies
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the same fracture toughness. Fig.10 shows SEM 
micrographs of representative fracture origins found 
in this study 13). The specimen contains coarse par-
ticles of the size range 75-90 μm. The fracture origin 
was noted in the specimen of the lowest strength 
(370MPa) as seen in Fig. 10(a) and Fig. 10(b) 
shows that with the average strength of 406MPa. 
They were both coarse particles. Lower strength was 
observed for the specimen containing larger coarse 
particles. Similar results were obtained for all speci-
mens examined in this study.
　Fig.11 shows the IR photomicrographs 14) for the 
internal structures of ceramics containing the coarse 
particles of various sizes 13). The size of coarse par-
ticles in the ceramic matrix increased with increas-

ing size of coarse particles added. Again, the sizes 
of coarse particles are the same as those added in 
the preparation of specimens 13). Actually, the esti-
mated values of strength obtained by linear fracture 
mechanics, assuming that the fracture was always 
initiated at the coarse particles in the matrix, agreed 
very well with the measured strength 13). It means 
that small amount of coarse particles governs the 
strength of ceramics. Therefore, carefully preventing 
the coarse particles is crucial to improve the strength 
of high quality advanced ceramics.

3. Importance of Powder Characterization Tools

　As already explained, small amount of large pores 

(a) 100�m 60�m(b)

Fig. 10   Examples of fracture origins in alumina ceramics having 
75�90�m coarse particles. (a)370MPa , (b)406MPa.

Fig. 9  Mechanical properties of sintered bodies.Fig. 9　Mechanical properties of sintered bodies.

Fig. 10　 Examples of fracture origins in alumina ceramics having 75～90μm coarse par-
ticles. (a)370MPa, (b)406MPa.
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and coarse particles has large effect on the material 
properties. Therefore, coarse particles in raw pow-
der materials or in powder slurry must be carefully 
controlled. This is critical to obtain not only higher 
quality of advanced ceramics but also other kind of 
materials such as toner and polishing materials.
  However, conventional characterization tools are 
insuf ficient to detect such small amount of non-
uniform components. For example, Fig.12 shows 
the particle size distribution of ground silicon nitride 
powder by wet ball milling 15). It was measured by X-
ray sedimentation method 16, 17). The obtained particle 
size distribution indicates the ground powder has no 
particles coarser than 45μm. And, Fig.13 shows the 
relationships between average particle size of ground 
powder and ball-milling time 15). It shows that aver-
age particle size decreases with the milling time, and 
media ball size has no effect in this case. However, 
the situation was quite different when using wet sieve 
to examine the 45 μm oversize mass fraction of the 
ground powder with ball-milling time 15), as seen in 
Fig.14.  Different from Fig.12, it shows that coarse 
particles larger than 45μm are apparently contained 
in the ground powder. Media ball size has effect on 
the change of its mass fraction in the ground powder 

with milling time. The 10mm sized media ball is the 
most effective to grind coarse particles. It means the 
wet sieve analysis would be a reliable method to mea-
sure even just a few particles in the ground powder. 
From Fig.14, we can identify the processing condi-
tions to effectively grind very small amount of coarse 
particles. As a result, the method to measure coarse 
particles in advanced ceramic powder was developed 
18, 19), and it has been already filed as an international 
standard in advanced ceramics (ISO/TC206). By re-
lating the coarse particle information of raw powder 
or powder slurry to that of sintered ceramics, we can 
easily understand how small amount of coarse par-
ticles lower the reliability of sintered ceramics thor-
ough its manufacturing process.
　Characterization of large pores in powder granules, 
green compact and sintered ceramics is also very im-
portant for producing high quality advanced ceramics 
20). Conventional characterization tools such as SEM 
or mercury porosimetry are not sufficient to evaluate 
the small amount of large pores in granules, green 
compact and sintered ceramics. Liquid immersion 
method 5) is a very powerful tool to observe the large 
pores in granules and green compact. And, thinned 
specimen observation is also very effective for de-

Fig. 11　 Mid-infrared micrographs of sintered bodies having coarse particles of  (a)38
～45μm, (b)53～63μm,(c)75～90μm. Fig. 11  Mid-infrared micrographs of sintered bodies having coarse particles 

of  (a)38�45�m, (b)53�63�m,(c)75�90�m.

Fig. 12   Particle size distribution of the powder ground with 5mm
media balls.

Fig. 13   Relationships between average particle size of ground powder
and milling time.

Fig. 12　 Particle size distribution of the powder ground 
with 5mm media balls.

Fig. 13　 Relationships between average particle size of 
ground powder and milling time.
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tecting large pores in sintered ceramics. Effectively 
using these tools, we can investigate what those 
processing conditions in the ceramic manufacturing 
create large pores in sintered ceramics causing prod-
uct reliability problems. So far, on the microstructure 
and sintered strength of ceramics, the following is-
sues were clarified using these characterization tools: 
seasonal variation of microstructure and sintered 
strength of dry-pressed alumina 21-23), effects of spray 
drying conditions 8-24), dewaxing procedures 25-27) and 
granule compaction procedures 28-30) on the fracture 
origin of sintered ceramics. Of course, these tools are 
also suitable for other manufacturing processes, such 
as injection molding process 31), to improve the prop-
erties of their ceramic parts.

4. Conclusions

　In this paper, the effect of powder processing con-
ditions on the fracture strength of advanced ceram-
ics was clarified. Manufacturing processes of silicon 
nitride ceramics and alumina ceramics were utilized 
to explain the relationship between ceramics process-
ing conditions and its major fracture origin. Powder 
slurry preparing conditions were found creating the 
large pores in powder granules, green compact and 
sintered ceramics. These phenomena can be inves-
tigated by using new characterization tools such as 
the liquid immersion method and the observation 
technique using thinned ceramics specimen under 
the transmission mode. Also, very small amount of 
coarse particles contained in the powder slurry is 
found weakening the strength of ceramics by using 
wet sieve analysis and the observation technique with 
thinned ceramic specimen. As a result, it is believed 
that major fracture origin is caused by the large 

pores and coarse particles, which are generated in 
the manufacturing steps of ceramics, such as powder 
slurry preparation, spray drying, and forming pro-
cess of green compact. By making use of these char-
acterization tools, effective processing conditions to 
eliminate the large pores and coarse particles can be 
identified for producing high quality advanced ceram-
ics.
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Abstract

　Numerous industries deal with particulate systems such as the cement, ceramics, chemical, 
metallurgical and pharmaceutical industries. Usually the particulate systems handled in these 
industries are non-homogeneous, that is, their constituents are heterogeneous in their physical 
properties such as particle size, density, particle shape, and surface roughness. Handling of these 
systems during transport and/or manufacturing is usually associated with movements of these 
particulates at transfer points, being shaken, moving through drums, or sliding over inclined planes, 
which leads to the particulate mass being energized or disturbed. Disturbing such non-homogeneous 
systems results in mutual separation of the particulate constituents as a result of differences in their 
physical properties. The mutual separation is a natural phenomenon called segregation. In some 
instances, segregation is desired, while in most cases it is detrimental. Segregation in particulate 
systems takes place as a result of several forces, mainly frictional and gravitational forces, acting on 
the individual particles inside the system while it is energized. It is well known that the contribution 
of these forces in controlling the movement of particles are functions of the physical properties of 
the constituting components of the system. This paper concerns investigation and discussion of the 
mechanisms of particulate motion and the role of the forces acting during energizing a particulate 
system, particularly while moving through rotating drums, and their effects on the quality of the final 
products of non-homogeneous particulate systems.

Keywords:  segregation, particulate systems, flow of non-homogeneous particulates, rotating drums, mixing-
demixing of particulates, continuous flow of powders
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1. Introduction

　Particulate systems in most processes consist of 
various constituents. These constituents may differ in 
their physical properties such as size, shape, density, 
surface roughness, etc. Differences in the properties 
of the constituents are reflected in the behavior of 
each species when the system is set in motion. In in-
dustrial processes, differences in behavior of the vari-
ous species can affect the quality of the final product
　Handling and processing of particulate systems 

are essential sub-processes in all industries dealing 
with powders such as cement, chemical, fertilizer, 
metallurgical and pharmaceutical production. Ex-
amples of these operations in mineral processing are 
size reduction, size enlargement, drying, cooling, 
induration, calcination, roasting, and clinkering1-6). 
Processing of these powders is usually accompanied 
by physical and/or chemical changes. The extent of 
these changes and the efficiency of these processes 
are strongly related to the homogeneity (degree of 
mixedness) of the flowing material. These changes 
occur whether the process is carried out in batch, 
continuous, or semi-continuous operations.
　It is becoming evident that the role of material 
flow and transport in product quality and process 
efficiency is a major one. Several phenomena in the 
mineral processing and powder technology could 
not be explained without the consideration of the 
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material behavior while being transported, energized 
(disturbed), or rolled down an inclined plane. Quality 
control of the product is also manipulated through 
controlling the powder flow regime.
　This paper presents the main mechanisms of parti-
cle motion, while moving within a particulate system, 
while being energized. It also deals with how mixing 
(homogenizing) and demixing (segregation) actions 
take place during the relative motion of the powder 
constituents. Flow of powders in rotating drums will 
be stressed as an obvious example of powder flow in 
several industrial processes which deal with powder 
technology, handling and processing.

1-Mechanisms of Particle Motion within a Par-
ticulate System
　For simplicity we will limit ourselves to the flow 
behavior of cohesionless powders, homogeneous and 
non-homogeneous, in continuous systems, particu-
larly in rotating drums.

1.1 Homogeneous systems: Homogeneous par-
ticulate systems are those whose constituents are 
identical in all their physical properties such as size, 
density, shape, etc. These are known as ideal sys-
tems, but they do not exist in real life7). However, 
for practical purposes, we may obtain systems close 
enough to ideal systems. Early in the sixties, efforts 
were made towards isolating the basic mechanisms 
occurring in particulate mixing operations8). To pro-
duce a satisfactory mixture the spatial arrangement 
of particle must be changed, that is, particles must be 
moved from one place to another within the system. 
There are four basic mechanisms by which this can 
be accomplished: a) dif fusion which is the random 
motion of individual particles or small aggregates 
in the space occupied by the mixture under con-
sideration, b) convection, where the particles move 
collectively in groups or clusters, c) shear, where 
clusters of particles are sheared on several planes, 
and d) directional flow, where particles move under a 
driving force, e.g., head gradient, concentration, etc. 
Shearing action changes the relative position of the 
constituent particles and is considered to be a repre-
sentation of a specific combination of diffusion and 
convection9, 10).
　Pure diffusion, when it is feasible, is highly effec-
tive leading to very intimate mixtures at the indi-
vidual particle level. However, it is generally an ex-
ceedingly slow process11, 12). On the other hand, pure 
convection is much faster but tends to be somewhat 
less effective in mixing, leading to a final mixture 

which may still exhibit poor mixedness on a finite 
scale. This fact suggests that an effective particulate 
mixing operation can be achieved by an optimum 
combination of both mechanisms which incorporates 
both the speed of convection and the effectiveness of 
diffusion. The directional mixing mechanism leads 
to the movement of all the species in the system 
towards a lower potential energy or concentration 
level13).
　In contrast to liquids and gases, in which dif fu-
sion can be regarded as “spontaneous”, particulate 
systems, will only be mixed as a result of mechanical 
agitation, or some sort of relative motion, which pro-
vides circumstances for the particles to change their 
relative positions collectively of individually. Agitation 
is provided to the system by shaking, vibration, tum-
bling, handling, etc.

1.2 Non-homogeneous systems: These are the 
real particulate systems whose components have dif-
ferent physical properties. When these systems are 
set in motion, their components tend to sort them-
selves out into regions rich in one or the other of the 
system constituents7, 14). These systems are said to 
be “segregated” or “demixed” . Segregation seems 
to occur whenever there are differences in any of the 
particle physical properties between the system com-
ponents15), such as differences in particle size, shape, 
density, electrical, magnetic, and surface properties. 
Size, shape, density and surface roughness are gen-
erally recognized to be the most prevalent16). In the 
case of moistened systems, they are strongly affected 
by the degree of hydrophobicity of the constituents7).
　When par ticles having dif ferent densities are 
shaken in a container, it is found that the denser par-
ticles tend to settle to the bottom of the container17). 
Presumably, because in this way, the total potential 
energy of the system is lowered. When coarse and 
fine particles are set in motion, the fine particles 
tend to segregate to the bottom. In part, this can be 
explained by a “percolation-biased” diffusion mecha-
nism, whereby the fines can pass through the inter-
stices between large particles with minimum friction. 
Williams17, 18) also showed that large particles placed 
in a bed of smaller particles will, upon vibrating the 
bed, tend to rise towards the top of the bed, even 
when their density is greater than that of the finer 
particles. The explanation offered for this trend is 
that the large solid particles, which will generally be 
denser than the loosely packed bed of fine particles, 
causes a compaction of the bed immediately beneath 
the coarse particle, consequently, its freedom to 
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move in response to the vibration is restricted to the 
lateral and upward directions, and the net result is a 
tendency to rise. These explanations of segregation 
phenomena are only applicable for certain situations. 
A generalized theory, regardless of the particular 
circumstances in which the operation takes place, 
has not yet been offered to explain the segregation 
action in particulate systems. Although efforts have 
been made towards numerical parametric studies19), 
quantitative predictions, rate and extent, of the final 
picture of a segregating system do not exist. Model-
ing attempts of particulate transverse segregation 
and scaling up of rotating drums have been exercised 
but for limited conditions20, 21).
　In the authors’ opinion, a generalized theory that 
can explain the segregation action in moving particu-
late systems governed by any type of motion (such 
as tumbling, vibration, shaking, rolling on inclined 
surfaces, etc.) may be possible by considering the 
forces acting on the individual particles in a sur-
rounding medium of other particles. The vertical as 
well as the lateral pressures on the specific particle, 
calculated from the soil mechanics relationships, and 
the friction opposing its motion should be consid-
ered. A small particle, in a mixture of small and large 
particles, is affected by its weight and the frictional 
forces opposing its motion laterally and vertically22). 
For this particle to move in the interstices of the par-
ticulate system, it will encounter less friction than a 
large particle, and hence moves to a deeper location. 
A heavy particle will be under the influence of its 
weight and the frictional forces restricting its motion. 
It is obvious that a heavy particle will experience fric-
tion proportional to its weight and size, but the gravi-
tational force pulling it down is relatively larger than 
that for a light particle. A smooth-surfaced particle in 
a system where all of its components have the same 
size and density will experience less frictional forces 
than any particle of the other constituents23). These 
principal aspects of force analysis on individual par-
ticles in a moving particulate system are applicable 
to any type of particle motion such as handling, heap-
ing, tumbling, shaking, and vibration.

2-Mixing-Demixing Equilibrium
　In any blending operation, the mixing and demix-
ing mechanisms will be operational. The participation 
of each of these two operations will be dictated by the 
environment and the tendency of each component to 
segregate out of the system as a result of the differ-
ences in their physical properties and the extent of 
these differences. Since the two operations, mixing 

and demixing, are acting against each other, an equi-
librium level of mixedness will be attained as the final 
state of the mixture.
　If we take a mixture of particles of two different 
sizes in a container and energize it by shaking or vi-
brating, mixing and demixing will be going on simul-
taneously. An equilibrium state between these two 
processes will be achieved, with a final state where 
the large particles will be dominating near the top 
regardless of the start state. The extent of mixed-
ness as a function of time will depend on the way the 
components are loaded in the container at the begin-
ning. Loading of the two components in the container 
before energizing it can be: 1) layer loading with fine 
particles in the bottom and coarse particles on the 
top, 2) layer loading with coarse particles in the bot-
tom and fine particles on the top, or 3) with the two 
components being thoroughly mixed. Fig. 1 shows 
the schematic progress of mixing and demixing for 
the three loading conditions24). If we think of the vari-
ance of the mixture as a function of mixing time to be 
an indication of the state of mixedeness, line A rep-
resents the extent of mixing as a function of mixing 
time when the initial conditions start with the coarse 
particles on the top. The degree of mixedness con-
tinues increasing (the variance decreasing) smoothly 
and gradually until it reaches a steady state (equilib-
rium). This equilibrium state will be such that there 
is a top region of coarse particles, a bottom region 
of fine particles, and a middle region of coarse and 
fine particles with the ratio of coarse to fine particles 
decreasing downward and a ratio of fine to coarse 

Fig. 1　 Schematic progress of mixing-demixing trend 
at different loading systems of coarse-fine par-
ticulates.
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decreasing upward. When the initial conditions are 
such that the coarse component is in the bottom, 
the degree of mixedness follows line B. In this latter 
case, a state of “overmixing” is observed. The physi-
cal meaning of this state is that the two components 
are crossing each other towards their natural stabil-
ity at equilibrium, i.e., coarse on the top, fine in the 
bottom, and a mixed layer in the middle. In these two 
cases, the mixing mechanism dominates the system 
in its initial stage, with a decreasing rate as time pass-
es until the rate of mixing is counter balanced by the 
rate of demixing at the equilibrium level. Line C rep-
resents the mixing course of an initially well-mixed 
system. Under these conditions, the demixing (segre-
gation) mechanism dominates the system in its initial 
stage. As time passes, the demixing rate decreases as 
it is counter balanced by the mixing mechanism until 
the system reaches its equilibrium level. The equilib-
rium state, obtained after a long time of setting the 
system in motion, for the three cases, is the same.

3-Analysis of the Continuous Flow in Rotating 
Drums
　Rotary drums are used extensively for particu-
late processing in several industrial operations25). In 
mineral processing, they are used in comminution, 
pelletizing, mixing, drying, calcination, and roast-
ing26). They are also used in food, chemical, cement, 
and pharmaceutical industries. The flowing materials 
in most of these operations are non-homogeneous, 
i.e., the constituents differ from each other in one or 
more of their physical properties such as size, den-
sity, shape, etc27). The Impulse-Response technique is 
used to follow the behavior of the flowing material in-
side the rotating drum through monitoring and ana-
lyzing the Residence Time Distribution, RTD, of trac-
ers that simulate each of the flowing components28). 
This technique is the most common one used for 
studying the behavior of particulate flow in such 
systems29). In this technique, a tracer (trace amount) 
which represents one of the components, and does 
not disturb the flow, is injected at the entrance of the 
feed and followed at the exit discharge of the drum. 
The exit age distribution function, E(t), is analyzed, 
using the E-curve, in the form of the residence time 
distribution, RTD, through the C-curve. The E-curve 
is the number fraction of particulates in the effluent 
stream with ages between t and t+dt. The C-curve is 
the concentration of tracer particles in the effluent at 
dimensionless time, ɵ. The residence time distribu-
tion is used to characterize the flow by calculating 
the mean residence time, MRT, (τT, where T stands 

for Tracer), of the component as well as the variance 
of this distribution (σ2

t) and the standard deviation 
(σt) and the time taken by the tracer to first show 
up at the exit end of the drum, t0. Through these 
parameters, the behavior of the component within 
the bulk, and the type of flow inside the drum can be 
characterized30). The RTD can be presented as time-
dependent, relative concentration of the tracer, Ct/C0, 
designated as C(t), versus t in seconds, or as dimen-
sionless distribution, [Ct/C0] versus t/τ, ɵ, where C0 
is the initial concentration of the tracer, Ct is the in-
stantaneous tracer concentration in the RTD at time 
t, τ is the mean residence time, and t is the time at 
which the sample just came out from the drum dis-
charge end, calculated from the time the tracer was 
injected into the drum at the inlet end31, 32).
　The foregoing parameters are estimated as follows:

　　　∫E(t) dt = ∫C(t) dt = 1 (1)

　　　　　 ∫t C(t) dt
　　　τT = ― = ∫ t C(t) dt (2)
　　　　　 ∫C(t) dt

　　　σt
2 = ∫(t －τ)2 C(t) dt (3)

The dimensionless variance, σɵ
2 = σt

2/τ2 (4)

and the dimensionless time, ɵ = t /τ (5)

The mean residence time can also be estimated from 
the values of the hold up material in the drum, H, and 
the material feed rate, F, as follows:

　　　τH = H / F (6)

　This paper presents, discusses, and analyses the 
results of an extensive research work, which deals 
with the flow of non-homogeneous particulate sys-
tems flowing in a rotating drum. The systems studied 
here consist of particulate species different in their 
size, density, shape and surface roughness. It in-
cludes tracers flowing in bulk of different properties, 
and two major components different in their physi-
cal properties flowing simultaneously in the rotating 
drum. Flow of powders in rotating drums is stressed 
as an important unit operation step commonly in-
volved in powder technology.

Experimental Technique and Materials

Experimental Set up: The experimental set up 
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consists of three main parts; feeding system, rotating 
drum, and sampling system (Fig. 2). The feeding 
system consists of two parallel lines each of which 
consists of a bulk material storage bin, a constant 
head funnel, and a vibratory feeder of the ERIEZ 
MAGNETICS type model 10 A which is connected 
to a voltage stabilizer. The particulate material flows 
from the bottom of the storage bin to the constant 
head funnel directly underneath. The arrangement of 
the bin and the funnel is such that regardless of the 
material level in the bin the material level in the fun-
nel will be constant, and hence the rate of particulate 
flow from the funnel will be fairly constant (coeffi-
cient of variation = 0.031 for 30-second samples). The 
material flowing from the bottom of the funnel falls 
directly onto the vibratory feeder, which delivers the 
material to a feed chute that passes directly to the 
feed end of the rotating drum. The feed rate is con-
trolled by gates on the vibratory feeder (coarse ad-
justment) and controlling the amplitude of the vibra-
tor (fine adjustment). The rotating drum, made from 
a transparent Lucite tube, was 8 cm in diameter and 
25 cm in length fitted with two flanges at its two ends, 

each 20-cm in diameter. The flange at the feed end of 
the drum has an opening 1.8 cm in diameter, and that 
at the discharge end has an opening 4.5 cm in diam-
eter. Along the interior surface of the drum (parallel 
to the longitudinal axis), eight equally-spaced lifter 
bars of 0.3 cm diameter were mounted. The lifters 
are needed to insure proper flow of the particulate 
material in the drum without slipping or surging. The 
drum is divided longitudinally into two halves such 
that one half can be replaced by a sampler to split the 
drum contents into 20 equal samples at the end of the 
experiment. The drum assembly is rotated by friction 
on two neoprene rollers (7.5 cm diameter) driven by 
a Graham variable speed motor. The discharge mate-
rial from the drum flows into a circular riffler type 
sampler through an exit chute and a rectangular fun-
nel. The bottom of the rectangular funnel is shaped 
in the form of an elongated slot of 0.3 cm width and 
4.0 cm length to provide sharp cuts between samples. 
The sampler has 40 equal size buckets under which 
sample collection bottles are placed. The sampler is 
rotated by means of a variable speed motor for ad-
justing the sampler speed, and hence, controlling the 
sample size (coefficient of variation of sample weight 
= 0.048 for 30-second samples).

Procedure: The Tracer Impulse-Response technique 
was used to characterize the material flow inside the 
drum. Tracers were prepared by taking a fraction 
of the bulk material, dying it with a food-stuff dye, 
drying, and screening to obtain the precise size frac-
tion. The tracers are distinguished from the bulk by 
a different color. A tracer, about one gram, is injected 
into the feed chute, and the response is obtained by 
collecting the samples at the discharge end. Samples 
are collected continuously by the sample riffler until 
all the tracer, visually, comes out of the drum. The 
discharged samples are timed, designating the tracer 
injection time as zero time, t0. Each sample is spread 
over a white sheet, and the colored tracer particles 
counted. The tracer concentration, Ct/C0, is plotted 
as a function of the exit time. From this plot, all the 
required parameters can be calculated. By the end 
of each experiment, the hold up material inside the 
drum is sampled and weighed.

Material: The particulate materials used in this in-
vestigation, either as bulk or tracer, are:
Dolomite of size fractions 12×14, 14×20, 20×28, 28
×35, 35×48, and 48×65 mesh.
Hematite of size fractions 12×14, 14×20, and 20×28 
mesh.

Fig. 2　 Experimental set-up (feeding system, rotating 
drum, and sampling system) for studying the 
effect of the properties of particulate systems 
on their flow in a rotating drum.
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Magnetite of size fraction 35×48 mesh.
Galena of size fractions 20×28 and 35×48 mesh.
Glass beads of size fractions 20×28 and 35×48 
mesh.
Copper shot of size fractions 20×28 and 35×48 
mesh.

These species represent differences in particulate 
properties such as: size, density, shape, and surface 
roughness.

Results and Discussion

　To get a clear picture about the flow of non-homo-
geneous particulate systems in rotating drums, it 
may be necessary to start with an example of some 
homogeneous systems flowing in rotating drums20). 
This way, the contrast in the flow behavior between 
the two systems, homogeneous and non-homoge-
neous, becomes obvious. When the flowing material 
is homogeneous, i.e., very narrow size range with all 
particles having the same density, shape, and surface 
roughness, the residence time distribution of the 
tracer represents perfectly the flow of the bulk inside 
the rotating drum. Moreover, it seems that the flow 
characteristics are not affected by the properties of 
the flowing material whether it is heavy, coarse, fine, 
regular or irregular shaped as long as it is homoge-
neous and the drum parameters (speed, diameter, 
and length) as well as the feed rate are fixed. Fig. 3 
presents the RTD curves for three different materi-
als, of different size fractions, flowing in a rotating 
drum. There is no noticeable difference in the three 
RTDs. As a matter of fact, the mean residence times 
of the three materials range between 165 and 167 
seconds with no trend. Fig. 3 represents the RTD 
for homogeneous particulate systems where the bulk 
and tracer in each experiment were the same, both 
of them were dolomite of the same size fraction, only 
the tracer was colored with food color, dried, and 
screened. The RTDs and the mean residence times, 
MRTs, are almost the same.
　Another feature of the flow of the homogeneous 
materials in the rotating drum is that there is no dif-
ference in the value of the bulk mean residence time, 
τH, and the tracer mean residence time, τT. Fig. 4 
presents a correlation between τH and τT , which 
shows perfect matching between the two parameters 
even though the values were obtained under a wide 
range of operating conditions, drum speed, drum 
size, discharge opening diameter, feed rate, particle 
size fraction, etc.

a) A tracer flowing in a bulk: As we have seen 
in Fig. 3, as long as the tracer and the bulk have the 
same physical properties, their RTDs under specific 
operating conditions are almost the same regardless 
of the size of the flowing particles. In Fig. 3, it can be 
seen that the mean residence time of the tracer and 
bulk is the same at any operating conditions provided 
that both of them have the same physical proper-
ties and the operating conditions are the same. This 
means that, under these conditions, particle flow is 
absolutely random and all the particles are affected 
equally by the prevailing forces.
　Now let us see what happens if the tracer and the 
bulk have different physical properties. Fig. 5 pres-
ents the RTDs for two dolomite systems; one of them 
represents the tracer and the bulk of the same size, 
35×48 mesh, and in the other system the size of the 
bulk was 35×48 mesh with the tracer being 48×65 
mesh. The mean residence time (MRT) in the first 
case, homogeneous system, is 162 seconds, where 
as the MRT in the non-homogeneous system is 177 

Fig. 3　 Residence time distributions for homogeneous 
particulate systems of different particle sizes.

Fig. 4　 Comparison between the mean residence times 
of homogeneous particulate systems flowing in 
a rotating drum as calculated from the RTD and 
the H/F relationship.
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seconds. This means that the smaller tracer particles 
were delayed in comparison with flow of the some-
what larger bulk particles. In this latter case, the trac-
er was radially segregated to the core of the flowing 
bulk which moves towards the discharge end more 
slowly than the surface layer (shear zone). Since the 
discharge of the flowing material from the exit end of 
the rotating drum is from the shear zone, top layer, 
the particles in the core, which includes most of the 
tracer material, take longer time than the average 
particle in the bulk.
　Fig. 6 presents the RTDs for three tracers that dif-
fer in their specific gravities, dolomite (sp.gr. = 2.9), 
magnetite (sp.gr. = 5.2), and galena (sp.gr. = 7.5), 
flowing in dolomite bulk of the same size as the trac-
ers, namely 35×48 mesh. In these systems, the dolo-
mite tracer represents the flow of the bulk. Transport 
of the denser tracers, magnetite and galena, is retard-
ed because they are segregated radially to the core 
of the flowing bulk, and hence exited later from the 
drum than the dolomite tracer. The heavier tracer, 
galena, is delayed more than the lighter one, magne-
tite, because it has a greater tendency than magnetite 
to segregate into the core of the flowing bulk. The 
MRTs of the three tracers, as calculated from their 
RTDs, are 156, 185, and 198 seconds for dolomite, 
magnetite, and galena, respectively. The shape dif-
ference between magnetite (irregular) and galena 
(cubical) may have affected the mean residence time 
to some extent.
　The combined effect of tracer shape, density, and 
surface roughness is shown in Fig. 7. The bulk and 
tracers have the same particle size, 35×48 mesh. 
The MRT of dolomite, which represents the bulk 
material, is 158 seconds, whereas it is 181 and 182 

seconds for glass beads and copper shot. Although 
the specific gravity of the glass beads (sp.gr. = 2.7) 
is very close to that of dolomite, they differ in the 
particle shape and surface roughness, so the RTDs 
and the MRTs are quite dif ferent. Because of the 
spherical shape of the glass beads, they penetrate 
radially to a lower plane from the surface and prob-
ably do not disperse much due to not being totally in 
the shear zone. They are mainly driven by the driving 
head of the flowing material towards the discharge 
end. Since they are slower in motion and not well dis-
persed, they reach the exit end somewhat late, and a 
large number of the tracer particles are poured out in 
a short span of time. This makes the mode of its RTD 
higher than that of dolomite, with less dispersion 
and longer MRT compared with the average bulk 
particles. The copper shot being spherical in shape, 
having smooth surface, and high density (sp.gr. = 
8.9) behave differently. They percolate fast from the 
top of the moving charge, shear zone, down to the 
toe, raised up by friction with the rising charge to the 

Fig. 5　 Residence time distributions for two dolomite par-
ticulate systems. In one of them, the tracer and 
bulk are of the same size, and in the other, the 
tracer particle size is smaller than that of the bulk.

Fig. 6　 Residence time distributions for tracers of dif-
ferent densities flowing in dolomite bulk of the 
same particle size as the tracers.

Fig. 7　 Residence time distributions of tracers of dif-
ferent physical properties flowing in a dolomite 
bulk of the same particle size as the tracers.
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top, percolate down to the toe, raised up to the top, 
and so on facing less friction, having higher momen-
tum, and cutting longer distances radially and axially, 
i.e., dispersing faster than the average bulk particles. 
This repeated sequence of motion makes the copper 
shot in the rotating drum behave as if it were moving 
in a stirred tank reactor, although it is not thoroughly 
mixed with the dolomite bulk. Hence, they report 
earlier than the bulk at the exit and disperse over lon-
ger time as shown in Fig. 7.
　A series of experiments was carried out under 
fixed operating conditions, using bulk and tracers of 
the same size, 20×28 mesh, but differ from the bulk 
in their specific gravity. The bulk was dolomite and 
the tracers were glass beads, dolomite, hematite, ga-
lena, and copper shot. The mean residence time for 
each tracer was calculated and plotted against the rel-
ative density, [tracer density] / [bulk density]. Fig. 
8 shows the relation between the MRT of the trac-
ers as a function of the relative density between the 
tracer and the bulk. The MRT increases as the ratio 
of the tracer density to bulk density increases as long 
as both tracer and bulk are natural particles different 
only in density. Of course this is an indication of seg-
regation. However, when particle shape and surface 
roughness of the tracer enter into the picture, irregu-
lar behavior is observed as can be seen in the case of 
glass beads and copper shot flowing in dolomite bulk 
of the same particle size. Interestingly, the MRTs of 
the two spherical tracers, even though their densities 
differ widely, tend towards similar values, see Fig. 7.

b) Major components flowing simultaneously: 
When a particulate system is comprised of more 
than one major component that differ in their physi-
cal properties flows continuously through a rotating 
drum, the same phenomenon, segregation, takes 
place. Segregation may be observed inside the drum 
by the naked eye in some cases, and in other cases, 
although it is happening, additional measurements 
are needed for confirmation, e.g., sampling of the 
hold up material inside the drum in the axial direc-
tion31, 33). To study this, a series of experiments was 
carried out using hematite and dolomite, 14×20 
mesh, flowing through the drum at a ratio of 1:1 by 
volume. Fig. 9 shows the RTDs of the two compo-
nents as measured by Impulse-Response technique 
(following the tracer at the exit end). The main ob-
servation that one sees inside the drum is a mixed 
feed (black hematite particles and white dolomite 
particles) entering the drum for a short distance be-
yond the drum inlet, after which only white dolomite 

is observed on the surface of the flowing charge. Of 
course what has happened in this case is that, in the 
first few seconds after entering the drum, the heavy 
component, hematite, percolates through the flow-
ing bulk to the core of the charge leaving the light 
component, dolomite, on the surface. Because the 
particles in the core of the flowing stream progress 
more slowly towards the exit end than do the surface 
layers, the heavy component accumulates inside the 
drum until a steady state is reached at which the 
feed composition becomes the same as the discharge 
composition. However, at steady state, the ratio of the 
hold up of the two components inside the drum be-
comes different than their ratio in the feed, with the 
heavy component having higher volume ratio than 
the light component. This is why in Fig. 9 the MRT 
of hematite is longer than that of dolomite, with more 
dispersion.
　In Fig. 10, more interesting results are reported. 
In this series of experiments, the hematite-dolomite 

Fig. 8　 Mean residence time of different tracers flowing 
in a dolomite bulk as a function of the relative 
densities of the tracers and bulk (tracer densi-
ty/bulk density).

Fig. 9　 Residence time distributions of dolomite tracer 
and hematite tracer when hematite and dolo-
mite are flowing in the rotating drum at 1:1 vol-
ume ratio. Bulk components and tracers have 
the same particle size.
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mixture was flowing in the rotating drum at a volume 
ratio of 1:1. Keeping the particle size of the hematite 
constant, 14×20 mesh, the particle size of the dolo-
mite was varied, 14×20, 28×35, and 48×65 mesh. 
The differences in physical properties between the 
mixture constituents in this series were density and 
particle size. At steady state, when the two compo-
nents were of the same particle size, the hematite 
component accumulated inside the drum, occupying 
a larger volume than its ratio in the feed and in the 
discharge product, as mentioned earlier. The ac-
cumulation of the heavy component was not regular 
along the drum axis but it was increasing towards 
the exit end as a result of the convection movement 
from the inlet to the outlet of the drum. This explains 
the results presented in Fig. 9. When the size of do-
lomite particles, the lighter component, was smaller 
than that of the hematite, the heavier component, 
their volume ratio and their distribution along the 
drum axis became close to their ratio in the feed and 
in the discharge. The explanation of this behavior 
is that each of the two components has a property 
that favors radial percolation towards the core of the 
flowing charge: hematite particles are heavy and 
dolomite particles are small. When the size of the 
dolomite particles gets smaller than the hematite par-
ticles, successive and alternating bands of the coarse 
hematite and the fine dolomite start to form. These 
bands, which are less intensive at the inlet end and 
more intensive at the exit end, cause the discharge 
to fluctuate, i.e., the volume ratio of the components 
in the discharge fluctuates with time. This means 
that the rate of percolation and mobility of the fine 
dolomite particles are faster than that of the large he-
matite particles, and when this is combined with the 
natural perturbation of each species, the bands form. 

These interesting results show that there is a delicate 
balance among the forces acting on the individual 
particles within the flowing charge. For example, the 
forces created as a result of the difference in size and 
those created as a result of the difference in specific 
gravity are balanced, in our case, only when dolomite 
(sp.gr. 2.9 and size 28×35 mesh) was flowing in 
equal volumes with hematite (sp.gr. 5.2 and size 14×
20 mesh), but not otherwise.
　The same banding effect is observed when two do-
lomite components of different particle sizes, 10×14 
mesh and 28×35 mesh, are flowing through the ro-
tating drum at a volume ratio of 1:1. A series of photo-
graphs was taken for this last case, the banded flow, 
and the bands are numbered and followed. In about 
2.7 minutes, four pairs of bands were discharged. 
Fig. 11 shows this sequence of bands and how they 
progress towards the exit end.

Minimizing the Segregation Tendency

　Segregation in some non-homogeneous systems 

Fig. 10　 The axial hold-up of hematite and dolomite 
systems of different particle sizes flowing at 
1:1 volume ratios.

Fig. 11　 A series of photographs for the continuous 
flow of a mixture of two dolomite components 
of different sizes: coarse of 10×14 mesh 
and fine of 28×35 mesh. Band numbers are 
marked on the drum edge.
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is desirable such as in balling drums, screening, 
particulate separation and cement kilns33-38). Because 
the exit ends of these units are fully opened and the 
drums are inclined towards the exit end, the hold up 
material is small (5-10% of the drum volume) and the 
mean residence time is short. In such cases, segrega-
tion takes place radially, and there is no chance for 
axial segregation. In fact segregation in such systems 
is essential and should be enhanced for size enlarge-
ment of the flowing charge, which is one of the re-
quired functions of these systems.
　On the other hand, par ticulate segregation in 
most operations, carried out in rotating drums, is 
detrimental to the final product, and hence, should 
be eliminated or at least minimized. If a material is 
being roasted in a rotating drum and if there is radial 
segregation, particles in the segregated core may 
not have undergone reaction. Among the more com-
mon operations are pharmaceutical preparations, 
food for human and livestock, and all other processes 
that require homogenization of their constituents. 
In such cases, mixing aids are used to enhance the 
convective mechanism, shuffling the material axially 
and radially, and to minimize effect of the diffusion 
mechanism. In this paper, the results of two series 
of experiments that were carried out to minimize 
segregation of particulate systems flowing continu-
ously through a rotating drum are discussed. The 
first series was designed to deal with homogenizing, 
mixing, a tracer flowing in a bulk of different physi-
cal properties, and the second series dealt with flow-
ing systems with two major components different in 
their physical properties flowing at a ratio of 1:1 by 
volume. Thirty percent of the drum was filled with 
Lucite balls of diameter 2.54 cm, density 1.2 g/cm3 
and each weighing 10.3 grams, as mixing aids. Fig. 
12 presents the RTDs of various tracers different in 
their physical properties, density, particle shape, and 
surface roughness, flowing in dolomite bulk of the 
same particle size as the tracers, 35×48 mesh. Fig. 
13 shows the RTDs of hematite and dolomite flow-
ing at the ratio of 1:1 by volume in the same drum 
using the same mixing aids as above. If we compare 
the RTDs in Fig. 12 with those reported in Fig. 7, 
we realize that the presence of the mixing aids have 
almost eliminated the segregation tendency of the 
tracers flowing within the dolomite bulk regardless 
of their differences in the physical properties. This 
is an important finding in particulate mixing in vital 
processes where the degree of mixedness is critical, 
such as in mixing drug tracers in a bulk of the carry-
ing material. Comparing the RTDs in Fig. 9 and the 

drastic complications inside the drum, Fig. 10, with 
the RTDs in Fig. 13, one can appreciate that the 
complex particulate system of hematite and dolomite 
flowing in the rotating drum at a volume ratio of 1:1 
has been thoroughly mixed by the presence of the 
mixing aids.
　The preceding paragraph shows clearly that mini-
mizing dif fusion in particulate systems flowing in 
rotating drums is the key for minimizing segrega-
tion. The diffusion mechanism can be eliminated or 
minimized, as we have seen, by introducing a means 
of stirring agent, which enhances shuffling the par-
ticulates back and forth, radially and axially within 
the drum to produce a homogeneous product. Simi-
lar effects, if the conditions prevail, may be obtained 
by moistening the particulate material before being 
introduced to the mixer7). The moisture content will 
increase the formation of particulate clusters which 
can be shuffled and sheared with minimum dif fu-
sion and maximum dispersion39). This effect is quite 

Fig. 12　 Residence time distributions for various trac-
ers different in their densities, shape, and 
surface roughness, flowing in a dolomite bulk 
of the same size as the tracers in presence of 
mixing aids.

Fig. 13　 Residence time distributions of hematite and 
dolomite flowing at a volume ratio of 1:1 in 
presence of mixing aids.
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similar to that of added mixing aids in producing non-
segregated product, which confirms the fact that the 
key to obtaining a homogeneous product is to elimi-
nate or minimize diffusion of the individual particles 
within the flowing bulk.

Summary

　All non-homogeneous particulate systems suffer 
mutual separation, segregation, among their con-
stituents whenever these systems are energized, i.e., 
there is a relative motion among the moving par-
ticles. In the case of transporting such systems in ro-
tary drums, the particulates are energized as a result 
of the drum rotation and the driving material head 
due to continuous feeding and discharging. This en-
ergizing causes relative motion among the particles 
axially and radially. Because the physical properties 
(size, density, shape, and/or surface roughness) of 
particles differ from one component to another, the 
resultant forces acting on the individual particles 
(frictional and gravitational forces) will be different 
from one component to the other. The pass through 
which particles move within the bulk will differ from 
one component to the other. The difference in acting 
forces, coupled with the phenomenon of natural per-
turbation, lead to regional concentration of one of the 
components pulling out from the flowing bulk. This is 
what is called segregation.
　Segregation can be axial in nature, forming alter-
native bands of the flowing components, or radial, 
forming a core of one component and a shield from 
the other component.
　Segregation may be eliminated or minimized by re-
ducing the motion of single particles within the sur-
rounding bulk, and enhancing the motion of particles 
in groups, i.e., reducing the diffusion mechanism and 
encouraging the convective motion
(shuffling) associated with shear mechanism. These 
restrictions can be done by adding mixing aids to the 
flowing powders in the rotating drums or moistening 
the flowing material to produce homogeneous prod-
ucts.
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Abstract

　Fluidized beds are widely used in industrial processes concerned with heat transfers.  In the 
present study, a measurement technique based on the coupling between particle tracking velocimetry 
（PTV） and infrared thermography （IT） measurement is proposed.  By using the technique, the 
motion and the temperature of individual particles and its relations with the characteristic flow 
structures formed in fluidized beds can be investigated simultaneously without disturbing the flow 
field.  After careful preparations, the technique is applied to a two-dimensional gas-fluidized bed 
under a spouting condition and the motion and the temperature of individual particles influenced by 
the bubble occurrence are clearly observed.

Keywords:  ２-D Fluidized bed, heat transfer, infrared thermography, particle tracking velocimetry, particle track-
ing, convection motion

Simultaneous Measurement of Particle Motion and 
Temperature in Two-Dimensional Fluidized Bed  

with Heat Transfer†

Takuya Tsuji*, Takuya Miyauchi, Satoshi Oh, Toshitsugu Tanaka
Department of Mechanical Engineering, Osaka University1

1. Introduction

　Fluidized beds are widely used in industrial pro-
cesses concerned with heat transfer such as combus-
tion, gasification, catalytic reaction and calcination.  
The heat transfer in fluidized beds is governed by 
several mechanisms.  Solid particles in the beds 
are fluidized by injected gas flow and the gas goes 
through the small gaps between particles.  When a 
temperature difference exists between gas and solid 
phases, the convective heat transfer appears.  During 
a fluidization, dense particles have contacts with sur-
rounding particles, walls and immersed objects such 
as a heat exchanger pipe.  The conductive heat trans-
fer occurs due to the direct contacts between solids.  
In applications of which operating temperature is 
high, the radiative heat transfer becomes also impor-
tant.  In actual fluidized bed systems, these elemental 
heat transfers do not work independently and its be-
havior is quite complex.
　Due to its complexity and measurement difficul-

ties, a numerical simulation model, which predicts 
the heat transfer phenomena in fluidized beds, has 
been desired.  For the numerical analysis of fluidized 
beds, Lagrangian-Eulerian models are widely used 
(e.g., Tsuji et al., 1993; Hoomans et al., 1996 and Xu & 
Yu, 1997) and the models including heat transfers by 
several mechanisms are proposed as its extensions 
(Kaneko et al., 1999; Zhou et al., 2004a, 2004b; Saku-
rai et al., 2007; Zhao et al., 2009 and Zhou et al., 2009, 
2010).  Complex interactions between particles, gas 
flows and walls induce the formation of characteristic 
spontaneous flow structures such as bubbles in beds.  
Bubbles are far larger than the particle and have a 
larger rising velocity.  Upward convective motion of 
particles is induced by the bubbles and the circula-
tion and mixing of the particles are well enhanced in 
the beds accordingly.  Each particle has finite volume 
and finite heat capacity and they can bring heat by its 
convective motions.  The particle convection does not 
directly contribute to the heat exchange between two 
phases, however, as a result of convective motion, 
particles have contacts with other particles and gas 
flows that have different temperatures and exchang-
es heat.  The heat transfer in fluidized beds cannot be 
discussed without the convective motion of individual 
particles induced by the characteristic spontaneous 
flow structures.
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　The characteristics of spontaneous flow structures 
have been one of main topics in the fluidized bed 
researches (e.g., Kunii & Levenspiel, 1991; Jackson, 
2000).  It is not our purpose to review all the results in 
this paper while a large number of theoretical and ex-
perimental studies exist.  Comparing to that, studies 
that treat the convective motion of individual particles 
induced by spontaneous flow structures are relatively 
limited.  Lin et al. (1985) investigated the motion of 
a particle in a fluidized bed by using a particle track-
ing facility they developed.  A radioactive particle 
made of 46Sc is used as a tracer.  Particle tracking is 
performed by measuring gamma rays emitted from 
the tracer particle by using twelve photomultiplier 
detector tubes.  Mostoufi & Chaouki (2001) also per-
formed a particle tracking by using a 198Au radioac-
tive tracer particle.  They investigated the diffusivity 
of particles to know the local mixing characteristics 
in a fluidized bed.  Stein et al. (2000) measured a par-
ticle motion in three-dimensional gas fluidized bed 
by using positron emission particle tracking (PEPT) 
technique.  In the study, a resin particle activated by 
the ion exchange with irradiated water was used as a 
tracer.  A particle’s trajectory in a bubbling fluidized 
bed was obtained for each run.  It is also possible 
to obtain averaged flow fields by continuing these 
Lagrangian measurements for a long period.  By us-
ing PEPT measurement technique, Hoomans et al. 
(2001) obtained a time-averaged particle velocity dis-
tribution for a two-dimensional bubbling gas-fluidized 
bed and Link et al. (2008) obtained RMS particle ve-
locity distributions in addition to time-averages for a 
spout-fluid bed.  In these measurements, the position 
of tracer particle cannot be determined in prior to 
the measurement and the accuracy of measurement 
depends on the probability of the tracer particle’s 
occurrence at each position.  These tracking tech-
niques are non-invesive and provide important data 
for three-dimensional motion of individual particles.  
It greatly helps the understanding of convective and 
mixing motion of particles in the beds.  However, by 
these techniques, it is difficult to track a large num-
ber of particles at once.  The measurement by using 
these techniques is still insufficient to investigate 
the relation between the convective motion of indi-
vidual particles and the characteristic flow structures 
such as bubbles of which behaviors are unstable and 
changing at every moment.
　For the heat transfer characteristics of fluidized 
beds, large numbers of studies have been performed 
from the applicational point of view.  The purpose of 
these studies is to obtain the heat transfer coefficient, 

h, of the whole bed and do not go into the detail of 
relations between heat transfer and flow structures 
formed inside of the beds (Kunii & Levenspiel, 
1991).  Studies that measure temperature distribu-
tions formed in beds also exist.  In these studies, 
temperature distributions were obtained by inserting 
the single-point probe such as a thermocouple into 
a certain position of beds.  During a measurement, 
inserted probes are expected to have convective heat 
transfers with surrounding gas flows and conductive 
heat transfers with solids under contact.  It is difficult 
to know the temperature of individual particles by 
these technique and the studies concerned with the 
temperature of particles under a fluidization do not 
exist as much as we know.
　For the better understandings of heat transfers in 
fluidized beds and further improvement of numerical 
models, it is important to know the relations between 
spontaneous flow structures, convective motions of 
individual particles and heat transfers.  In the present 
study, a simultaneous measurement technique based 
on the coupling between particle tracking velocim-
etry (PTV) and infrared thermography (IT) measure-
ment is presented.  By using the technique, the mo-
tion and the temperature of individual particles can 
be directly observed and its relations with the flow 
structures formed in beds are investigated without 
disturbing the flow field.
　In section 2, the measurement technique is pre-
sented.  In section 3 and 4, the technique is applied 
to a two-dimensional Labo-scale fluidized bed under 
a spouting condition.  In section 5, conclusions of the 
paper are shown.

2. Measurement Techniques
2. 1 Particle tracking velocimetry (PTV)
　PTV is a measurement technique of particle veloc-
ity based on the analysis of video images.  In princi-
ple, the velocity of a particle, up = Δx/Δt, is obtained 
by measuring the displacement of the particle Δx 
from two sequential images that have an interval Δx 
PTV is developed mainly in the field of fluid velocity 
measurement in which tracer particles that have an 
enough response to a local flow change are tracked.  
A number of algorithms have been developed to find 
a particle uniquely from sequential images.  In fluid-
ized bed, particles have contacts with other particles 
and walls very frequently and the direction and the 
magnitude of particle velocity can change drasti-
cally.  The majority of PTV algorithms based on the 
high autocorrelation of tracer particles are not for 
the measurement in fluidized bed.  In the present 
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study, nearest-neighbor method is utilized.  In the 
nearest-neighbor method, the frame rate of camera is 
adjusted to make the displacement of particle in two 
sequential images should be less than the particle ra-
dius.  By enforcing this constraint, a perfect matching 
of particle image is possible even if a sudden change 
of particle velocity takes place.

2. 2  Procedure of PTV based on nearest-neigh-
bor method

　In this section, the procedure to obtain a particle 
velocity distribution based on the nearest-neighbor 
method is shown.  We postulate the usage of digital 
video camera in the following explanation.  It is also 
assumed that the size of pixel is sufficiently small 
comparing to the size of particle in images.
　Due to the device characteristics of camera mainly, 
noises that can be a source of unphysical velocity 
vectors are included in original movie images in ac-
tual measurements.  As the first step, Laplacian and 
smoothing filters (The Visualization Society of Japan 
(ed.), 2002) are applied to original images to diminish 
these noises.  In the present PTV measurement, the 
position of particles at a certain time step is deter-
mined by estimating a correlation function between 
an image at the time step and a standard particle im-
age.  As the second step, a particle is chosen from a 
series of video images and its brightness distribution 
is stored as a standard particle image.  We pay atten-
tion to the lighting, however, it is difficult to achieve 
the uniformity and the brightness distribution of 
particle image can vary depending on its location in 
actual.  In the present study, three particles existing 
in dif ferent positions are chosen as standard par-
ticle images.  As the third step, the distributions of 
correlation function between a video image and the 
standard particle images are obtained.  The fourth 
step is to find the central coordinate of each particle.  
The pixels that show the highest correlation is ex-
pected to include the center of particles.  At this step, 
a correlation function distribution is not separated 
for each particle.  To find the center pixel of each 
particle, sub-areas that include one center pixel and 
surrounding pixels are extracted from a correlation 
function distribution.  In the present study, the ex-
traction is performed by using a threshold method.  
A group of continuous pixels of which correlation 
function is larger than 0.85 and is expected to include 
the particle center and extracted as a sub-area.  By 
searching the pixel, which has the peak value in each 
pixel sub-area, the center coordinate of each particle 
is obtained in the pixel-level accuracy.  In this study, 

sub-pixel analysis (The Visualization Society of Japan 
(ed.), 2002) is also performed and the coordinate of 
the particle in sub-pixel level accuracy is obtained.  
In the nearest-neighbor method, the particles having 
the closest coordinates in two sequential images are 
the same one because the displacement is restricted 
to be less than the particle radius.  The velocity of a 
particle is obtained by estimating the displacement 
Δx  in the interval Δt, the temporal-development of 
particle velocity distribution is obtained by repeat-
ing the operation for all sequential images.  As we 
discussed in section 4, it is also possible to obtain the 
trajectory of particles by using the PTV.  The pres-
ent measurement is purely two-dimensional and only 
particles of which coordinate is detectable from im-
ages are the object of measurement.  The tracking of 
particles is terminated when the overlap of particle 
images occurs due to its in-depth motions while it is 
recommenced whenever the detection of particle co-
ordinate can be performed again.
　The accuracy of particle displacement measure-
ment is most influential for the overall accuracy of 
present PTV measurement.  The accuracy of dis-
placement measurement of the present measurement 
system was examined in previous study (Oh et al., 
2010).  Pre-defined particle displacements were mea-
sured by the present PTV along with a CCD laser 
displacement sensor (LK-G35, Keyence Corporation).  
From the examination study using a particle with 
3.14 mm diameter, we confirmed that the RMS error 
fraction becomes 100 % at 0.02 mm and 1.27 % at 1.57 
mm which corresponds to the particle radius and 
the maximum displacement allowed in the nearest-
neighbor method, respectively.

2.3  Temperature measurement by infrared 
thermography (IT)

　Particle temperature is measured by infrared ther-
mography (IT) technique.  An IT camera can detect 
infrared rays emitted from the surface of objects 
such as a solid particle.  The energy of infrared ray is 
theoretically related to the temperature of the object 
surface as

　　　　　　　　　W=eσT 4 (1)

where W is the infrared energy, e is the emissivity, T 
is the surface temperature and σ(= 5.67 x 10-8 W/
m2K4) is the Stefan-Boltzmann constant.  The emis-
sivity is specific to the material of object and we can 
estimate the temperature of object by measuring the 
infrared energy.
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　If the surface of object is polished, infrared rays 
from surroundings are reflected on the surface of 
object and it will lead misinterpretations of tempera-
ture.  This is also true in-between particles.  The 
infrared rays emitted from particles have reflections 
on the surface of neighboring particles.  This results 
in multiple reflections of infrared rays on all particles’
surface and make the quantitative evaluation of par-
ticle temperature difficult (Sakurai et al., 2007).  In 
this study, to reduce the reflection effect on particle 
surface, all particles are coated with black body paint 
(THI-1B, TASCO JAPAN) as shown in Fig. 1.  The 
catalog value of e for the black body material we in-
troduced is 0.94.  From a preliminary study, however, 
we confirmed that the emissivity varies depending 
on the temperature as shown in Fig. 2.  Both PTV 
and IT are optical measurement techniques and 
only optically accessible particles are the object of 
measurement.  To enable the observation of particle 

motion in a fluidized bed, an observation window 
of container should be made of transparent materi-
als such as glass and acrylic resin.  In case of the 
IT measurement, a special attention should be paid 
because transmission characteristics of infrared rays 
change depending on material.  In the study, spinel 
glass (MgAl2O4) which exhibits good transmission 
characteristics in the visible light, the near-infrared 
and the mid-infrared wavelength ranges is utilized 
for the observation window.  The transmission rate of 
spinel is far better than the other materials while it is 
not perfect and the decay of infrared energy still ex-
ists.  Along with the correction for the temperature-
dependency of emissivity, the results of temperature 
measurement appear in this paper are corrected us-
ing the following equation.

　　　T=1.0466T e=0.94＋8.0873 (2)

 

 

  
(a) Uncoated Aluminium particle (b) Coated Aluminium particle 

Fig. 1 Coating of particle by black body paint. 

 

 

Fig. 1　Coating of particle by black body paint. 

 

 

 

Fig. 2  Temperature dependency of emissivity. 

 

 

 

Fig. 2　Temperature dependency of emissivity.
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where Te=0.94 is the temperature measured by the IT 
camera introduced in section 3 and T is the corrected 
temperature.  This correction equation is obtained by 
comparing the results of IT measurement performed 
through a spinel by keeping e = 0.94 and that by a 
thermocouple.

3. Experimental Setup
　The present measurement technique is applied to a 
Labo-scale fluidized bed under a spouting condition.  
The experimental setup is shown in Fig. 3.  This is a 
specially designed apparatus for the measurement of 
fluidized bed with heat transfer.  The vessel has 400 
mm height, 76 mm wide and 21 mm depth.  This is a 
two-dimensional fluidized bed because the depth of 
the bed is restricted comparing to other dimensions.  
A slit nozzle with a cross-section 11 mm × 21 mm is 
installed at the bottom center of the vessel as shown 
in Fig. 4.  The observation window is made of spinel.  
An air flow at 292 K generated by a compressor is in-
jected from the slit nozzle.  The flow rate is controlled 
by the regular and measured by using the laminar 
flow meter (LEF50-B, Tsukasa Sokken Co., Ltd.).  
Spherical Aluminium particles with the average di-
ameter of 2.0 mm (Amatsuji steel ball MFG Co., Ltd.) 
are used.  The measurement of temperature distribu-
tions existing inside of particles under fluidization 
is challenging and beyond of our study.  It is known 
that the temperature of a particle is almost uniform 
if the size of particle is small or the thermal conduc-
tivity of the particle is large enough.  Biot number, 
Bi =hdp/kp, is an index of this assumption where h is 
the heat transfer coefficient, dp the particle diameter 

and kp the thermal conductivity of the particle.  In 
case of the Aluminium particles we used in the study, 
Bi < 0.1 and the assumption is almost valid.  After 
the coating, particle’s average diameter becomes 
2.1 mm.  Due to the existence of coating layer on 
the particle’s surface, the delay of heat transfer was 
concerned.  In our preliminary study, we confirmed 
that the effect of coating layer is almost negligible in 
the present condition.  In prior to the measurement, 
the particles are heated up by using an electric oven 
(DX400, Yamato Scientific Co., Ltd.).  After keeping 
its temperature to 423 K for 20 min in the oven, the 
particles are installed into the vessel.  Measurements 
are started as soon as the installation of particles is 
finished because the particles loose heat due to the 
temperature difference with the vessel walls and the 
atmosphere.  To perform measurements in a fluid-
ized state, superficial velocity is set to uf =1.50 m/
s while the minimum fluidization velocity, umf, is 1.09 
m/s in the present condition.  The initial bed height 
is set to 55 mm.  The effect of radiative heat transfer 
is small and negligible in the present condition.
　Both IT and PTV are measurement techniques 
based on the analysis of video images and it is pre-
ferred to obtain particle motion and its temperature 
from a series of video images acquired by a single 
camera.  It is not possible to detect infrared rays 
using a conventional high-speed camera and it is 
required to perform PTV for IT video images in the 
present case.  As we discussed in section 2.1 and 
2.2, however, the constraint exists on the frame rate 
of video recording in the case of nearest-neighbor 
method.  In this study, two cameras are used simulta-

 

 

 
 

Fig. 3  Experimental setup. 

 

 

 

 

 

 

Fig. 4  Spouting condition. 

 

Fig. 3　Experimental setup. Fig. 4　Spouting condition.
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neously because the temporal resolution of currently 
available IT cameras is not sufficient for the PTV 
based on the nearest-neighbor method.  A high-speed 
video camera (FASTCAM ultima1024, Photoron, 
Ltd.) is used for the velocity and trajectory measure-
ments by PTV and an infrared thermography video 
camera (TVS-8502, NEC Avio Infrared Technologies 
Co., Ltd.) is for the temperature measurement.  Spec-
ifications of cameras are shown in Table 1.  In the 
measurement, the frame rate of high-speed camera 
is set to 500 fps to meet the condition of the nearest-
neighbor method in the present condition.  For the IT 
camera, it is set to 120 fps, which is the highest frame 
rate of the camera.  In the present setting, the reso-
lutions of high-speed and IT cameras are 0.153 and 
0.332 mm/pixel, respectively.  The ratios between 
particle diameter and pixel size in video images, dp/
Δpixel, become 13.73 in case of the high-speed camera 
and 6.33 in case of the IT camera.
　To avoid the physical interference between two 
cameras, measurements are performed from differ-
ent angles as shown in Fig. 3.  The IT camera is in-
stalled in front of the bed as its optical axis is perpen-
dicular to the front wall of the bed.  The high-speed 
camera is installed in an upper position of the IT cam-
era.  The angle between its optical axis and the bed 
wall is 5/12π rad.  Measurements are performed for 
8.1 sec after fluidization is started.

4. Results and Discussion
　Fig. 5 (a), (b) show the temporal developments 
of particle motion and temperature just after the flu-

idization is started (t－t0 = 0.05 to 0.40 sec) and after 
several seconds is passed (5.95 to 6.30 sec), respec-
tively.  t shows the time and t0 the time when the mea-
surement is started.  In the figures, particle velocity 
distributions obtained by PTV are superimposed on 
IT images.  A typical flow pattern under a spouting 
condition is observed in Fig. 5 (a), (b).  The forma-
tion of bubble in the region above the nozzle inlet is 
clearly confirmed at 0.15 and 0.20 sec in Fig. 5 (a) 
and at 6.05 and 6.10 sec in Fig. 5 (b).  During the 
fluidization, the particle layer is divided into fluidized 
and unfluidized regions as schematically shown in 
Fig. 6.  The motion of particles is active in the fluid-
ized region.  Bubbles go through the particle layer 
intermittently and the particles existing in the region 
above the nozzle inlet are convected upward (0.15 
sec in Fig. 5 (a) and 6.05 sec in Fig. 5 (b)).  After 
reaching the region near the free surface of particle 
layer, their behaviors turn to lateral and downward 
motions (0.20 sec in Fig. 5 (a) and 6.10 sec in Fig. 
5 (b)).  The process is repeated and the intermittent 
circulation of particle flow is formed in the fluidized 
region.  In contrast, the motion of particles is small in 
the unfluidized regions existing near lower corners.
　We can recognize the temperature of individual 
particles from Fig. 5 (a), (b).  As soon as the parti-
cles are installed, conductive heat transfers with con-
tainer walls are started and the temperature of par-
ticles contacting with the front wall decreases to 363-
373 K when the observation is started.  The decrease 
of temperature is more apparent for the particles 
contacting with both front and side walls, it becomes 

Table 1　Specifications of cameras

camera high-speed camera
(FASTCAM ultima1024, Photoron, Ltd.)

maximum frame rate 1000 fps

maximum pixels 1024× 1024

rens NIKKOR 50 mm, f =1.2 (Nikon Corp.)

camera infrared thermography camera
(TVS-8502, NEC Avio Infrared Technologies Co., Ltd.)

detector InSb focal plane array 

measurable temperature range 233-1173 K

resolution less than 0.025 K

accuracy of measurement ± 2 K or ± 2 % of reading, whichever is greater

detectable wave length range 3.5-4.1, 4.5-5.1 μm

maximum frame rate 120 fps

thermal image pixels 256 × 236

rens standard rens, 30 mm
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under 360 K as observed at 0.05 sec in Fig. 5 (a).  In 
the region just above the gas inlet, the relative veloci-
ty and relative temperature between gas and particles 
should be large because a cold air flow is injected 
into the bed consisted from hot particles.  Form the 
point of view of convective heat transfer, the tem-
perature of particles in the fluidized region should be 
decreased faster comparing to that in the unfluidized 
region.  Fig. 5 (a), (b) give contradicted expressions 

for us, that is the particle temperature seems higher 
in the fluidized region and lower in the unfluidized 
region.  The similar tendency is also confirmed in the 
measurement for a long period shown in Fig. 7.  It 
is noted that this is the result from t－t0 =0.05 to 7.05 
sec and the motion of each bubble is not captured be-
cause it is depicted every 1.00 sec while it is 0.05 sec 
in Fig. 5.  From Fig. 7, we can confirm the decrease 
of overall temperature in the bed while the particle 

 

(a) t-t0= 0.05-0.40 sec 

Fig. 5  Temporal development of particle motion and temperature. 

 

(a) t-t0= 0.05-0.40 sec 

Fig. 5  Temporal development of particle motion and temperature. Fig. 5 (a) Temporal development of particle motion and temperature.
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temperature seems relatively higher in the fluidized 
region.  We expect this is due to the in-depth motion 
of particles.  The depth of the bed is 21 mm, which is 
equivalent to 10 dp of the coated particle, and three-
dimensional motions and arrangements of particles 
are allowed.  Before the fluidization, the particles ex-
isting internally do not have direct contacts with the 
container walls and the decreasing of temperature is 
relatively small.  In the fluidized region, the motion 

of particles is active due to the bubble occurrence 
and the three-dimensional motion of particles is en-
hanced.  As a result of that, the particles existing in 
the internal region and keeping higher temperature 
come out to the front.  Comparing to that, the motion 
of particles existing in the unfluidized region are very 
small and the particles that keep touching with front 
and side walls loose more heat.
　Fig. 8 shows typical results of particle tracking 

Fig. 5 (b) Temporal development of particle motion and temperature (continued)．

 

(b) t-t0= 5.95-6.30 sec 

Fig. 5  Temporal development of particle motion and temperature (continued). 

 

(b) t-t0= 5.95-6.30 sec 

Fig. 5  Temporal development of particle motion and temperature (continued). 
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Fig. 6　 Fluidized and unfluidized regions.  The image is obtained at 
t－t0=6.9 sec.

 

 

 

 

 

 

Fig. 6  Fluidized and unfluidized regions.  The image is obtained at t-t0=6.9 sec. 

 

 

 

 

Fig. 7  Temporal development of particle motion and temperature for a long period (t-t0=0.05 to 7.05 sec). 

 

Fig. 7　 Temporal development of particle motion 
and temperature for a long period (t－t0= 
0.05 to 7.05 sec).
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Fig. 8  Trajectories of particles.  All tracking are started at t-t0= 3.85 sec.  Filled large symbols show the starting points of 

tracking.  Open symbols show the position of particles at every 0.01 sec after the tracking is started.   

 

Fig. 8　 Trajectories of particles.  All tracking are started at t－t0= 3.85 
sec.  Filled large symbols show the starting points of tracking.  
Open symbols show the position of particles at every 0.01 sec 
after the tracking is started.  

Fig. 9　 Trajectory of particle 1 appeared in Fig. 8 
and its relations with characteristic flow 
structures (t－t0=4.45 to 4.92 sec). 

Fig. 9  Trajectory of particle 1 appeared in Fig. 8 and its relations with characteristic flow structures (t-t0=4.45 to 4.92 sec).
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by the PTV, it is possible to track large numbers of 
particles at the same time.  All trajectories shown 
in Fig. 8 are from t－t0=3.85 sec.  This is a purely 
two-dimensional measurement and the tracking is 
terminated when the coordinate of a particle is not 
detectable due to the overlap of particle images and 
the length of tracking differs depending on the par-
ticles in Fig. 8.  In the figure, the filled large symbols 
show the starting positions of tracking and the open 
symbols show its locations at every 0.01 sec.  From 
Fig. 8, we can confirm that the motion of particles 
differs depending on its initial positions.  In general, 
the particles existing in the regions slightly devi-
ated from the bed center (particle 1, 4, 5 and 6) have 
circulation patterns.  The motion of particles is not 
steady and the acceleration and the deacceleration of 
particle are repeated.  In the PTV measurement, it is 
also possible to investigate the relation between the 
motion of individual particles and the flow structure 
changing at every moment.  Fig. 9 shows the results 
of particle tracking along with particle images ob-
tained by the high-speed camera.  Only results of par-
ticle 1 from t－t0= 4.45 to 4.92 sec are shown here.  
The particle is convected upward along with a bubble 
occurrence at t－t0=4.51 and 4.62 sec.  The particle’
s movement becomes smaller and tends to deposit in 
the layer at t－t0=4.68 sec while it is reactivated again 
by the occurrence of next bubble (t－t0=4.74 to 4.86 
sec).  The process is repeated and we obtained the 
trajectories shown in Fig. 8 as a result.

5. Conclusions
　A simultaneous measurement technique based on 
the coupling between particle tracking velocimetry 
(PTV) and infrared thermography (IT) measurement 
was presented in the paper.  By using the technique, 
it is possible to obtain the motion and the tempera-
ture of particles in fluidized beds.  After the careful 
preparations, the technique was applied to a Labo-
scale two-dimensional fluidized bed under a spouting 
condition and the following conclusions are obtained:
(1)  The motion of particle is obtained by PTV based 

on the correlation of particle images.  By using 
the nearest-neighbor method, it is possible to 
measure the velocity of particles that have con-
tacts with surrounding particles and walls fre-
quently in fluidized beds.  Unlike the techniques 
such as particle image velocimetry (PIV), the 
measurement is performed in the particle-level 
and the motion of individual particles induced by 
the characteristic flow structure such as bubbles 
is observable.

(2)  It is possible to track a number of particles at 
once and know the relations between Lagrangian 
particle motions and flow field at each instance.

(3)  Temperature measurement of particles based on 
the infrared thermography technique is benefi-
cial, however, it is required to pay close attention 
to its calibration for quantitative measurements.

(4)  The combined method between PTV and IT is a 
unique measurement technique which provides 
the motion and the temperature of individual 
particles in fluidized beds simultaneously.  It is 
powerful to have deeper understandings on the 
heat transfers in fluidized beds.

(5)  The flow field is clearly divided into fluidized and 
unfluidized regions in a two-dimensional fluid-
ized bed under a spouting condition.  The mo-
tion of particles in the fluidized region is largely 
influenced by the behavior of bubbles.  The 
temperature of particles in the fluidized region 
seems relatively higher comparing to that in the 
unfluidized region due to the three-dimensional 
active motion of particles in the fluidized region.

　For heat transfer problems in fluidized beds, fur-
ther quantitative studies using the technique devel-
oped in the present study will be performed.
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Abstract

　Studies have been performed to understand the nature of stress distribution within birefringent 
sensor particles embedded inside a granular bed under axial compression loading.  Both the 
variation of the maximum shear stress and the direction of the major principal stress within single 
particle scale are analysed with respect to the proximity of particles to the wall boundaries of the 
compression chamber.  The study shows that for an increase in the loading intensity, multiple 
interactions of contacts result in non-homogeneous distribution of maximum shear stress within 
sensor particles.  The ability of the particles to sustain maximum shear stress depends on how 
closely these reside with respect to wall boundaries.  These results imply that the applicability of 
present contact interaction laws used in advanced simulation methods such as the Discrete Element 
Method (DEM) for modelling the mechanical behaviour of micro and nano particulate assemblies 
could be limited and needs to be revised.  This is because DEM modelling is normally based on the 
assumption that the interaction behaviour of a given particle contact is independent of what happens 
at its neighbouring contacts.  Though further studies are required, the current research is a step 
towards attaining a clear understanding of the mechanical response of particulate materials under 
industrial process loading conditions which is rather complex as of now.

Keywords: Particulate mechanics, contact mechanics, inter-particle interaction, powders and grains

Probing Shear Stress Distribution within Single Particle 
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1. Introduction

　Particulate materials such as powders and grains 
are assemblies of discrete particles and their me-
chanical behaviour is dif ferent from conventional 
solid, liquid and gaseous matter [e.g. 1-5].  For ex-
ample, imagine we fill a container with air, liquid and 
solid grains.  Unlike air, particulate materials do not 
occupy the whole volume of the container.  When we 
tilt a liquid-filled container, liquid would flow freely.  
But when we do the same test for a container filled 
with solid grains, they flow differently - sometimes 
the flow of the grains may not be initiated until a 
particular tilt angle is attained.  Understanding how 

contiguous particles interact with each other inside 
particulate packing under external loading environ-
ments is of immense interest for a number of indus-
tries who deal with products in powder form.  Exam-
ples include the geotechnical, mechanical, chemical, 
food, and mineral engineering sectors.  Researchers 
seek precise information on the internal mechanical 
behaviour of particulate materials to develop realistic 
constitutive behaviour of particulate media under me-
chanical loading.
　A fundamental level of understanding of how 
particle-scale properties affect the bulk behaviour 
of particulate assemblies under dif ferent process 
loading conditions is not yet well established.  As of 
now, the design of large-scale units such as powder 
processing equipment used in chemical plants, civil 
engineering foundations and structures relies on the 
estimates of the constitutive behaviour of particulate 
materials mostly based on continuum assumptions.  
Although continuum-based approaches are mod-
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erately successful in some instances, their general 
applicability is mostly limited due to their inability in 
capturing several distinct features of discrete particu-
late assemblies under mechanical loading.   For ex-
ample, Fig. 1a presents a typical photoelastic image 
of force transmission pathways (commonly referred 
to as ‘force chains’)6,7) inside a sheared granular assem-
bly6).  Fig. 1b shows similar computer-based force 
networks generated in a sheared discrete assembly 
using DEM1).  The thickness of the lines is propor-
tional to the magnitude of normal contact force.  It is 
evident from these pictures that force distribution in-
side particulate media occurs in a non-homogeneous 
manner under boundary loading.  More details on 
how the signature of force networks relates to the 
bulk mechanical strength in discrete assemblies can 
be found elsewhere1).  However, we wish to point out 
that it is entirely possible to find a significant number 
of non-load-bearing particles residing next to strong 
force-transmitting contacts inside granular media 
under mechanical loading.  This surprising feature 
is an inherent characteristic of discrete particulate 
assemblies under mechanical loading.  To the best of 
our knowledge, it is not yet established that continu-
um assumptions would be sufficient to capture such 
phenomena for discrete systems.  Over the past two 
decades, the advancement of other modelling meth-
odologies such as DEM and Molecular Dynamics 
(MD) have significantly enhanced our understanding 
of the rather complex mechanical responses of par-
ticulate systems under external loading conditions 
on both single-particle and bulk scales8).  The studies 
have revealed how single-particle scale properties 
such as inter-particle friction [e.g. 2,3,9,10], elastic 

modulus [e.g. 2,11-13], surface energy [e.g. 14], long 
range forces [e.g. 15], size distribution and shape of 
particles [e.g. 16] influence the collective (bulk) me-
chanical behaviour of particulate assemblies.  In spite 
of the recent advancements of a number of experi-
mental methods such as X-ray Micro Tomography 
(XMT)  [e.g. 17], Nuclear Magnetic Resonance Imag-
ing (NMRI) [e.g. 18] and Positron Emission Particle 
Tracking (PEPET) [e.g. 19] to characterise the struc-
ture of particulate beds, these are mostly limited 
to obtaining the density and velocity variations of 
particles (with a moderate degree of success) under 
external loading conditions. They are not yet estab-
lished to quantify the distribution of stress profiles 
within single-particle or bulk scales except for some 
methods such as indentation [e.g. 20] and Atomic 
Force Microscopy techniques [e.g. 21], which quan-
tify stresses at best measured on the boundaries of 
the particles or inter-particle contacts.
　DEM has been widely recognised as an efficient 
route to probe the mechanical properties of discrete 
particulate assemblies8).  It provides unparalleled ac-
cess to probe key internal features of particulate as-
semblies under external loading environments1).  How-
ever, the method relies strongly on how accurately 
we prescribe the load-separation relations of particle 
contacts.   Although the current practice is to input 
this as a function of the net force (/stress) compo-
nents acting at particle contacts in relation to separa-
tion distance between contiguous particles, we have 
not yet sufficiently understood the implications of ig-
noring the local distribution of stresses within single 
particle scale on simulating the micro and nano me-
chanical properties of particulate assemblies.  This 

2

Fig.1: (a) Experimentally measured force network of sheared grains using photoelastic stress analysis (courtesy: R. Behringer, details in [6]) (b) Computer 

based (DEM) force-network generated in a sheared discrete assembly (details in [1])

(a)

b

(b)

Fig. 1  (a) Experimentally measured force network of sheared grains using photoelastic stress 
analysis (courtesy: R. Behringer, details in [6]) (b) Computer based (DEM) force-network 
generated in a sheared discrete assembly (details in [1]). 
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gap in knowledge motivated the present work.  Here, 
we study how particles distribute stresses ‘within’ 
single-particle scale inside granular media under ex-
ternal mechanical loading, in this case axial compres-
sion.  The study is based on experimental photonic 
stress analysis.

2.　Background of Photonic Stress Analysis

　The theoretical background of photonic stress anal-
ysis [e.g. 22] and its application to contact mechanics 
problems can be found elsewhere [e.g. 23].  Howev-
er, here we briefly outline its working principle.  The 
theory behind photonic stress analysis is based on 
the birefringence properties of materials.   A ray of 
light passing through a birefringent material has non-
uniform refractive indices.  Birefringence only occurs 
on the application of stress, and the magnitude of the 
refractive indices at each point is directly related to 
the state of stress at that point.  In the circular polari-
scope set-up (Fig. 2), the model consists of linear 
polarisers and quarter-wave plates, two each.  The 
first polariser is placed directly in front of the light 
source to eventually convert the light into circularly 
polarized light which passes through a birefringent 
material.  When the test material is lightly loaded, the 
speed differences within the material and phase shift 
are small.  This results in the colour of short wave-
length to disappear due to interference.  As the load 
is increased; the interference of the colour cycles and 
one complete cycling is a fringe order. The light is 

resolved into two perpendicular components along a 
fast and slow axis (corresponding to increased and 
reduced speed of light, respectively), producing po-
larized light that is separated in time.
　The fast and slow axis components are viewed 
through a second polarizing filter, referred to as 
an analyser (Fig. 2).  The speeds of the transmit-
ted light through birefringent materials are directly 
proportional to the major and minor principal stress 
components σ11 and σ22, respectively. The magni-
tude of the relative retardation through the differ-
ence in reactive indices is given by the stress optic 
law R=Ct(σ11-σ22), where R is the induced retarda-
tion, C the stress optic coefficient, and t the specimen 
thickness.  The difference between major and minor 
principal stress components can be related to the 
fringe orders displayed by birefringence materials 
and hence to the maximum shear stress (τmax) of the 
material under mechanical loading9).  It is worth men-
tioning that by using a plane polariscope set-up, it is 
possible to visualise the isoclinics, which is the locus 
of the points along which principal stresses are in the 
same direction [e.g. 22].   This can be done by elimi-
nating the two quarter-wave plates of the circular 
polariscope, one each to the front and back of the bi-
refringent model material (Fig. 2), and more details 
of the theoretical background are well documented 
in the literature [e.g. 22].

3

Figure 2: Illustration of the circular polariscope set up Fig. 2　 Illustration of the circular polariscope set up.
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3.　Experiments

　Fig. 3 shows the compression chamber in which 
an elastic polymer disc (birefringent sensor particle, 
Young’s Modulus-2.9MPa and Poisson’s Ratio-0.35) is 
embedded in the middle of a granular bed compris-
ing uniform-sized, dry, cohesionless Vigna Radiata 
sphere beads 24) of 4 mm diameter in random pack-
ing (initial packing density 0.73 g/cm3), identical 
in all assemblies tested here.  The non-bias nature 
of the orientation of particle contacts is verified by 
performing image analysis on the particle bed to de-
termine the fabric tensor of all the contacts25), and the 
deviator component of the fabric tensor was close to 
zero, thus confirming the random and non-bias nature 
of the geometry of the initial packing12).  The particles 
were filled into the compression chamber (Fig. 3) 
in two stages-at first, up to the bottom level of the 
required sensor particle position, followed by posi-
tioning the sensor particle and then gradually filling 
to the required height of the granular bed.  The size 
of the inclusion (birefringent particle) was 2.5 times 
the size of the surrounding beads.  This is selected 
on the basis that if the sensor particle size were of 
the same size as the beads, it is entirely possible that 
it might not experience any pressure at all if it were 
positioned in a weak contact force network1-3).  The 
thickness of the sensor particle and surrounding 
beads was kept identical.  The applied loading cor-
responds to quasi-static axial compression across the 
width of the bed (Fig.3), increased in small incre-
ments (P= 1.02, 2.88, 5.33 and 7.3 N).
　To analyse how the wall influences the shear stress 
distribution within the inclusions under mechanical 
loading, experiments were performed for different 

cases of the position of inclusion from wall boundar-
ies, represented in terms of λd (at fixed height from 
the loading pad as shown in Fig. 3), where λ var-
ies between ca. 0-5 and d is the size of the inclusion.  
We verified that the results are repeatable.  Detailed 
investigation into the fluctuation between repetitions 
of experiments for a given loading condition showed 
only minimal dif ferences - the retardation of light 
between major and minor principal directions at se-
lected tracking positions within inclusions was within 
about 5% variation among the different test results.  
Optical images for the distribution of maximum shear 
stress within the sensor particle were taken and ana-
lysed for the magnitude of maximum shear stress 
distribution and the direction of major principal 
stress within inclusions for all cases of loading and 
positions of the inclusion within the granular bed.  
From the experiments, we observed that the distribu-
tion of maximum shear stress within particle scale 
is non-homogeneous in nature.  To quantify this, we 
scanned the distribution of maximum shear stress 
along four sections, each passing through the par-
ticle centre (Fig. 4).  Each of the four sections starts 
from the closest available contact point (contact 
pane) of θ＝00, 450, 900 and 1350 position, and ends at 
the corresponding diametrically opposite point.  The 
distance of the scanning position is normalised by 
the diameter of the particle and represented as ‘Nor-
malised Depth, S (=r/d)’ in the plots presented later.  
In these, the maximum shear stress for a given ‘S’ is 
presented as an average value of the data along the 
four scanning sections (Average τmax).

Fig. 3　 Experimental loading rig set up.
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Figure 4: Schematic representation of probe directions in a birefringent particle
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4.　Results and Discussion

　Fig. 5 shows the contours of maximum shear 
stress distribution experienced by the sensor particle 
for different values of its position with respect to the 
wall, i.e., λ =0, 1 and 2,  while Fig. 6 presents the 
same measures for the cases of λ= 2.27 and 4.4 for 
different load levels.  The colour coding of maximum 
shear stress level is maintained consistently for all 

the images using a single scale and presented in 
Figs. 5, 6 (colour plots are available in the on-line 
version).  The arrows in these plots show the direc-
tion of major principal stress in the particles.  Fig. 
7 shows the variation of average maximum shear 
stress (Average τmax) across the sensor particle for 
the cases of λ=0, 1 and 2, and Fig. 8 shows these 
for the cases of λ=2.67 and 4.4.  From these results, 
the following observations can be made:
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Figure 3: Experimental loading rig set up

Figure 4: Schematic representation of probe directions in a birefringent particle

Starting point
Finishing point
Direction of probe
r  Radial distance from boundary 
d  Diameter of the particle

Fig. 4　Schematic representation of probe directions in a birefringent particle.

Fig. 5　Photonic images showing contours of maximum shear stress distribution for the cases of λ=0, 1 and 2. 
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Figure 5:  Photonic images showing contours of maximum shear stress distribution for the cases of =0, 1 and 2
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(i) Maximum shear stress distribution (τmax) within 
particles occurs in a non-homogeneous manner in-
side axially compacted granular beds (Figs. 5, 6).
(ii) The distribution of τmax in particles is strongly in-
fluenced by the proximity of particles with respect to 
the wall.   The particles when positioned next to the 
wall (λ=0) experience the highest level of maximum 
shear stress within them (Fig. 7).
(iii) In conformance with the results presented 
above, the direction of major principal stress within 
particles also depends on the proximity of the par-
ticles with respect to the wall boundaries.  Indeed, 
when the particles reside next to the wall, the direc-
tion of major principal stress within particles tends to 
be orthogonal to the direction of axial compression 
(i.e. strongly anisotropic).  However, an increase in 
the proximity of particles (λ) from the wall causes 
the level of anisotropy to diminish - for the case of 
λ 2.67, the direction of major principal stress in 
particles is predominantly along the axial direction of 
compression (Fig. 5, 6).
(iv) The distribution of average maximum shear 

stress within particles presents the maximum value 
inside the particles (and not at particle-contacts).   
This suggests that for the systems considered here, 
shear-induced yielding on a particle scale is most 
likely to occur inside the particles (Figs. 7, 8) rather 
than at inter-particle contacts.  Interestingly, for the 
case of λ  2.67, the maximum shear stress attains 
maximum value at positions relatively closer to the 
boundaries of the particles than at the centre.  How-
ever, this could change if the particles are relatively 
free from wall boundaries as shown in Fig. 8 - for the 
case of λ=4.4, the maximum shear stress occurs at 
the centre section of the particle (Fig. 8).

5. Conclusions

　To the best of our knowledge, for the first time 
we have experimentally probed the nature of shear 
stress distribution ‘within’ single par ticle scale 
inside particulate compacts subjected to boundary 
loading, in this case axial compression.  Even under 
the strongly anisotropic axial compression loading 

Fig. 6　Photonic images showing contours of maximum shear stress distribution for the cases of λ=2.67 and 4.4.
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Figure 6:  Photonic images showing contours of maximum shear stress distribution for the cases of =2.67 and 4.4
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condition, the particles undergo shearing at single-
particle level in a non-homogeneous manner.  The 
extent of this behaviour depends on whether the 
par ticles reside close to the wall boundaries or 
relatively far away from the wall boundaries; this 
cut-off distance, referred to as wall influence zone, 
is about 3 times the size of the individual beads (λ

2.67).  When the inclusions reside within the wall 
influence zone, the direction of major principal stress 
is orthogonal to the direction of axial compression, 
whereas this tends to align along the direction of the 
loading when they reside outside the wall influence 
zone.  Hence, even if the material proper ties of 
particles and their size are uniform, their mechanical 
behaviour is position-dependent, an aspect important 

to consider in the design of functional particulate 
compacts such as pharmaceutical tablets.  Further 
experimental studies are required to map out the 
effects of other particle-scale variables such as size 
effects, shape effects, frictional effects and cohesion 
of different particle types on the ability of particles 
to sustain shear stress inside particulate packing.  
However, the current study is a step forward towards 
unravelling the rather complex mechanical behaviour 
of discrete particulate assemblies under industrial 
process loading conditions in a realistic manner.  The 
results also imply that we need to perhaps revise the 
constitutive relations employed in the simulations for 
modelling the mechanical behaviour of particulate 
systems, for example DEM modelling methodology 

Fig. 7　Variation of average maximum shear stress (τmax) across the particle inclusion for the cases of λ= 0, 1 and 2.

Fig. 8　Variation of average maximum shear stress (τmax) across the particle inclusion for the cases ofλ=2.67 and 4.4.
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Figure 7:  Variation of average maximum shear stress ( max) across the particle inclusion for the cases of =0, 1 and 2
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Figure 8:  Variation of average maximum shear stress ( max) across the particle inclusion for the cases of =2.67 and 4.4
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in which the shear failure criteria of par ticles 
are mostly prescribed to occur at inter-par ticle 
contacts and independent of the interaction effects 
of neighbouring contacts [e.g. 26] as well as the 
variations in the stress quantities between the centre 
of a given particle and their inter-particle contacts 
normally neglected at single particle scale.  Such 
simplifications need not be the norm, but could be an 
exception.
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Abstract

　A systematic analysis of the probable scenario of the supramolecular structure (texture) 
formation of mineral products, formed during the high-temperature combustion of pulverized 
bituminous coals at thermal power plants (TPP) is provided. The general physico-chemical 
consideration of the processes that occur at dif ferent stages (heating, burning, viscoplastic state 
in the hot zone, and cooling) during the combustion of bituminous coal makes it possible to 
allocate the following systematic transformations: coal → char → network structures (including 
plerospheres)→cenospheres→fly ash..

Keywords: Cenosphere, plerosphere, ash, coal combustion, thermal power plants

The Properties of Cenospheres and the Mechanism of 
Their Formation  During High-Temperature Coal  

Combustion at Thermal Power Plans†

V.B. Fenelonov*, M.S. Mel’gunov, V.N. Parmon
Boreskov Institute of Catalysis, SB RAS.

1. Introduction

　One of the alarming environmental problems that 
requires an immediate solution is associated with an 
infinitely increasing amount of ash produced during 
the burning of coal, oil, and wood and other biomate-
rials, domestic waste, etc. The ash settling reservoirs 
of thermal power plants (TPP) have already trans-
formed many tens of hectares of land into lifeless 
(and constantly growing) deserts. The amount of 
continuously produced ash is much higher than its 
consumption, and ash dumps continue to expand1-5). 
The most insidious attendant component of ash that 
is formed simultaneously with it are aluminosilicate 
microspheres (MS), some of which have an extreme-
ly low density (0.3-0.5 g/cc) and are entrained in flue 
gases together with the superfine fly ash. These MS 
together with the ashes enter ash settling reservoirs, 
where due to their low density, they accumulate 
mainly at the external surface, and can be easily car-
ried away by rain and wind. The most dangerous 
possibility is their entrainment in wind, with which 
they can be moved over long distances, can ingress 
the respiratory tracts of humans and animals, and 

thus promote the development of cardiovascular and 
respiratory illness 1-5, 6, 7). In addition, such MS can be 
generated during accidents at nuclear power plants 4), 
and they were found in the products of volcanic activ-
ity 8), etc.
　But at the same time, MS have several unique 
properties that provide prospects for their effective 
use in many up-to-date technologies. This stimulates 
the necessity to improve the methods of their gather-
ing, the deeper investigation of the properties and 
mechanisms of their formation, and working out the 
optimum conditions of utilization 1-5, 9, 10).
　There are two main classes of MS: really “empty 
spheres”, in which the cavities are filled with gas 
only, the so-called cenospheres (CS), and plero-
spheres (PS) in which the cavities are filled with 
small mineral particles, foam, spongy or other porous 
framework. The term cenospherea comes from the 
Greek kenos (hollow) + sphere, and reflects the most 
important feature of cenospheres - the presence of 
a cavity surrounded by a solid or perforated mineral 
shell. The latter type of microspheres are often called 
network-structured cenospheres or plerospheres - 
from the Greek plërës (filled) + sphere (Fisher et al.11) 
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ａ The term cenosphere was proposed by F.S. Sinnatt at the 
second international symposium on bituminous coals 
in 1928, naming both products of coal combustion that 
quickly pass through a plastic state, followed by curing 
and formation of hollow spheres.
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and Raask12)).
　Both types of MS are formed of amorphous glass-
like material containing amorphous SiO2 (～50-65 
wt.%), Al2O3 (～20-30 wt.%), Fe2O3 (～3-8 wt.%), along 
with Ca, Mg, К, etc., phosphates, sulfates, chlorides, 
as well as quartz, mullite, etc.1-5,12）. The specific com-
position is determined by raw coal and the transfor-
mations that occur in the burning chambers of TPPs 
at 1400-1700°C 2,3,4,12, 14).
　Fig. 1 shows the morphology of an MS: 1a repre-
sents cenospheres, 1b, 1c and 1e can be either ce-
nospheres or plerospheres, and 1d is a plerosphere 
(one of possible variants). The images of defective 
MS will be used further to illustrate the mechanisms 
of their formation. The most typical is Fig. 1e, where 
the MS does not have visible defects. Worthy of note 
is that one cannot distinguish whether it is a ceno-
sphere or plerosphere from the image. At the same 
time, this picture shows the characteristic aggrega-
tion of the MS with small particles attached to their 
surface and the formation of large aggregates of MS 
of comparable or different size. All aggregates are 
relatively strong, because they are not destroyed dur-
ing the ultrasonic treatment, usually applied prior to 
electron-microscopic analysis.
　The typical diameter D0 of MS available for adsorp-
tion measurements is 10÷1000 micrometers, the 
specific surface area is ～0.1-2 m2/g. Important for 
the purpose of this review is the thickness of the wall 
t. The results of SEM studies known from literature 
and the Webb typically give the value of t/D0 0.1. 
Corresponding estimations are obtained, as a rule, 
from studies of partially destroyed MS as shown in 
Figs. 1a and 1d. A precise study of MS was carried 
out in a recent paper by Ngu et al.15). MS monolayers 
were attached to a flat support with epoxy resin. This 
was followed by a fine polishing step. Several sec-

tions of the resulting samples were investigated using 
modern methods of image analysis. A study of a few 
hundred samples of various fractional composition 
(30μm < D0 < 250μm) was performed. It proves that 
the values of t/D0 vary in a narrow range of 0.025 - 
0.105 with the most probable value of t/D0 = 0.06, 
irrespective of the MS size. It is essential that these 
values of t/D0 correspond to both cenospheres and 
plerospheres.
　The same study by Ngu et al.15) gave a numerical 
ratio between plerospheres and cenospheres. It was 
shown that this ratio increases with D0, for example, 
for 45-63μm the plerosphere fraction is ～6%, ～15% 
for the 75-90μm fraction, and rises to ～90% for the 
greater fraction.
　The structure of cenospheres defines their low 
density (bulk density is 0.3-0.5 g/cc, apparent density 
δis 0.6 - 0.7 g/cc), low thermal conductivity (0.1 - 0.2 
W/m . K), which is accompanied by high mechanical 
strength (210-350 kg/cm2), thermal stability (sinter-
ing usually occurs at 1000-1450°C), resistance to ac-
ids and general chemical inertness 1- 5,12).
　Fly ash comprises 50-90% of the solid products of 
combustion and usually contains 1-2 wt.% of MS of all 
types (although a higher MS content (3.8 wt.%) was 
also observed 15)). Taking into account that modern 
TPPs burn millions of tons of coal annually, at the 
same time they produce thousands of tons of CS. 
According to the results of technical monitoring by 
Drozhzhin et al.5), the largest TPPs in Russia produce 
more than 120 thousand tons of CS per year.
　A set of unique properties of cenospheres along 
with their availability opens up the prospects for 
a wide use as heat insulation of space ships, light-
weight building materials, obtained by introducing 
CS into concrete, bricks, ceramics, flooring and pave-
ments, polymer composites, metal alloys, etc., which 

1

Figures and Tables

Figure 1.  

Figure 2. 

a c

a cb d e

b

D0

a

D0

t

d

D1

Fig. 1  Scanning electron microscopy (SEM) images of some MS, formed during high-temperature burning of bituminous 
coal (cited according to [7] and numerous publications on the Web).

b The listed areas of application are cited from the 
references in the Web (http://www.iccop.org). One 
schould distinguish thin-, and thick-walled cenospheres, 
thin-, and thick-wall frame particles (that are plero-
spheres) and various mixtures, including the non-porous 
particles of ash.
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simultaneously have improved mechanical, thermal 
and sound insulation properties. The inclusion of 
CS with water-impermeable shells allows creation of 
various frost- and water-resistant products, CS have 
potential as filters, seals of various kinds (from seals 
in windows to those for wells in oil and gas produc-
tion), anti-corrosion coatings, protective layers on 
liquid surfaces to reduce evaporation, in energy-
absorbing bumpers and other car parts, in pneumatic 
tires, etc. Several papers explore the prospect of their 
use as microcontainers for storing a wide range of 
diverse materials - from enzymes to liquid explosives, 
and for encapsulation of radioactive waste, etc. At the 
same time, the possibility of their use as adsorbents, 
catalyst supports for fuel cells, photocatalysts and 
catalysts operating at high temperatures in aggres-
sive environments, etc., is also investigated 16-19).
　Consumer properties of the CS and ash are mainly 
determined by their chemical composition and tex-
ture, where the texture means the structure of supra-
molecular level. In certain literature, most attention 
is paid to chemical and phase composition. The re-
search of CS texture is usually confined to electron-
microscopic images (often the most spectacular 
images of defective MS are presented), their particle 
size and bulk density. Systematic analysis of the 
textural characteristics of CS and their relationship 
to the conditions of formation are virtually absent. 
This complicates the understanding of the formation 
mechanisms of CS with different characteristics, the 
development of strategies to monitor and optimize 
their properties, and the separation of CS with a 
given texture from the ash obtained at TPP using 
modern technologies .
　The scenario of cenosphere formation during coal 
burning is generally accepted at present 11,12, 20-27). It 
is based on the model of particles with a plastic or 
solid core and visco-plastic shell cover. The shell is 
formed from easy-to-melt (under combustion condi-
tions) inorganic components (mainly silicates and 
aluminosilicates), and the core is formed of less easy-
to-melt components. Gasification of the components 
in a closed volume of the shell leads to the formation 
of bubbles, which swell under the effect of increasing 
internal pressure. Swelling can destroy the shell or, 
after cooling and solidification, can result in the for-
mation of cavities inside the MS. The breakthrough 
of gas through the shell can lead to destruction of 
the shell, yielding the formation of cracks or even 
the release of large fragments (Fig. 1a). In the case 
of a viscous-plastic state of the shell, the formation of 
craters is possible (Fig. 1b), while less plastic shells 

form cracks (Fig. 1c).
　Formation of MS with intact shells (Fig. 1e) is 
usually explained by the decomposition of mineral 
components that provide a moderate amount of 
gaseous products (carbides, carbonates, sulfates 
and pyrosulfates, dehydration and dehydroxylation 
of clay-containing minerals, etc.)  Fisher et al.11), 
Raask12), etc. Some authors point out a special role of 
Fe-containing compounds 11-13,16).  According to, e.g., 
Raask12), at least 5% of iron oxide is necessary to form 
cenospheres. This idea is refuted by Ngu et al.17), 
where the maximum yield of cenospheres (3.82 wt.%) 
is observed in ash with a minimum Fe2O3 content 
(0.54 wt.%).
　More controversial is the mechanism of plero-
sphere formation (Fig. 1d). The hypothesis of their 
formation in a hot zone was proposed by Fisher et 
al.11), where this type of MS was discussed for the 
first time. According to this hypothesis, dif ferent 
components in a particle melt at different moments. 
This is accompanied with the release of gases from 
CaCO3 decomposition, clay dehydration, pyrolysis 
and burning of carbon, present on the surface or 
inside the ash slag particles, etc. Raask concludes12) 
that “the plerospheres originate from coal particles 
with highly dispersed mineral matter during the 
combustion, and a fused silicate envelopment, inside 
which the carbon residue prevents coalescence of 
encapsulated ash particles”.
　A more detailed description includes the heat 
transfer from the shell to the core through small con-
tact bridges, whose thermal conductivity is higher 
than the thermal conductivity of the gas. This intensi-
fies local gas emission, allocation and moving of the 
core inside the cavity volume and its breaking into 
separate fragments.
　An alternative mechanism of plerosphere forma-
tion from cenospheres at the stages after their escape 
from a hot zone was proposed elsewhere (Frand-
sen25) and Shibaoka and Paulson28)). According to this 
mechanism, the small particles28) permeate inside 
the cenosphere cavities from the outside through 
the cracks and other “windows” while they are sus-
pended in the flue gas or during and after their col-
lection in the dust collecting equipment. Key features 
of this idea are: a) formation of plerospheres from 
cenospheres at the cooling stage, and b) presence of 
fractures in the shell of MS.
　According to Yu at al.17), the plerospheres are 
formed in the hot zone. The mechanisms for their 
formation can be based on the simultaneous involve-
ment of several sources of gas inside one burning 
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particle, agglomeration and coalescence of several 
precursor particles. Additionally, the formation of ce-
nospheres can be incomplete (complete coalescence 
of bubbles under one shell does not occur) due to the 
release of particles from the hot zone. The probabil-
ity of implementation of these mechanisms increases 
with the size of particles, their viscosity and the cool-
ing rate.
　At present there is no agreement in the assess-
ment of such an important textural characteristic as 
the integrity of CS shells. The majority of publica-
tions glosses over this problem, although it is consid-
ered9,10,16) that in typical cases, the shell of the ceno-
spheres is perforated. This can make them suitable 
for a number of practical applications of cenospheres 
as microcontainers, but retards their usage in other 
applications. The situation is complicated by the fact 
that conventional SEM studies can only distinguish 
plerospheres and cenospheres if the shell is partially 
destroyed or by examination of polished blocks15). 
Independent diagnostic methods of the MS shell integ-
rity are not developed in detail in the known literature.
　In this paper, we try to eliminate the above and sev-
eral other contentious issues and ambiguities. To do 
that we consider a systematic analysis of texture and 
the mechanisms of MS formation in detail. Simple 
experimental methods make it possible to distinguish 
between MS with intact and perforated shells and 
between plerospheres and cenospheres with intact 
shells. Experimental work is based on the study of 
hollow MS and fly ash, obtained during the combus-
tion of Kuznetsk coal tar (brand DG, fraction 90-450 
μm) at the Novosibirsk TPP-5. These results and the 
analysis of data from numerous publications permit 
the revision of the existing ideas about the formation 
and properties of hollow MS. As a result, we suggest 
a general physical-chemical model of formation of the 
cenospheres supramolecular structure, which can 
help develop better strategies to control and optimize 
ash cenosphere production at TPP.

2. Experimental

　Samples of MS were separated according to the 
hydraulic method from fly ash collected from the 
last in a row of four electrostatic precipitators at the 
Novosibirsk TPP-5, which contains MS in the larg-
est quantity (～3% wt.). The first separation step was 
based on the fact that MS float in water, and the rest 
of the ash sinks. The second separation step involved 
a 45-minute boiling in water and was applied to re-
move the MS with perforated shells and ash particles 

that float due to small trapped air bubbles. The MS 
that floated after such a procedure (their content was 
over 80%) were made a subject of the studies. These 
MS are designated here as intact MS, and are re-
ferred to hereinafter as IMS.
　The studies of the internal structure of IMS were 
carried out after intensive grinding of the size frac-
tion below 30 microns. This fraction was subjected to 
a third separation in water. The sunk particles were 
collected. These particles are called shredded MS 
(SMS).
　The particle size distribution of IMS was ana-
lyzed in an ethanol suspension using a SALD-2101 
(Shimadzu) instrument. The density,ρHe, of IMS 
and SMS was measured at room temperature by 
helium pycnometry using an AutoPycnimeter 1320 
(Micromeritics). The bulk densityΔof a layer of MS 
was measured by weighing 100 cc of a sample. To re-
duce the electrostatic polarization, the samples were 
exposed to water vapor in a desiccator. The weight 
of the adsorbed water vapor was taken into account 
during calculation. The surface area of IMS and SMS 
was measured from nitrogen adsorption isotherms at 
77K obtained by means of an ASAP-2400 (Micromer-
itics) instrument. Specially manufactured large vol-
ume cells that allow the introduction of probes with 
a mass of 1.7 - 2.0 g made the measurements of the 
specific surface area reliable. However, even such 
large cells did not allow correct measurements of 
pore volume and pore volume-size distributions. The 
results of these measurements gave only an estima-
tion of the total pore volume in the range below 100 
nm at the level below 0.01 cc/g.
　The porous structure of IMS was also studied 
by mercur y porosimetr y with an AutoPore 9200 
(Micromeritics) instrument. These measurements 
showed the presence of pores mostly far larger than 
15-20 microns, which are difficult to be reliably dis-
tinguished from the interparticle gaps. The volume of 
pores with a smaller size was found to be very small 
and close to～ 0.001 cc/g. An additional estimation of 
pore volume with the size of less than 100 nm accord-
ing to water adsorption gave a value of～0.002 cc/g. 
These results allows us to believe that IMS have vir-
tually no pores that are accessible from the surround-
ing bulk.
　Detailed measurements of chemical and phase 
composition, as well as electron-microscopic stud-
ies were not carried out, because the fly ash and MS 
from the ashes of the same Novosibirsk TPP-5 were 
studied previously by means of these methods in 
detail in9,10,16) and in other publications by the same 
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authors. In the numerous measurements, the aver-
age chemical composition of main compounds in the 
investigated MS was as follows: ～ 64% SiO2, ～ 25% 
Al2O3 and～ 4% Fe2O3 (by mass), which is close to the 
data given by Vereshagina et al.9) The residual con-
tent of combustible compounds in MS was～ 3.0%.

3. Results

3.1 Analysis of the experimental results
　The typical textural characteristics of fly ash, intact 
(IMS) and shredded (SMS) microspheres are pre-
sented in Table 1.
　Table 1. Typical textural parameters of fly ash FA, 
intact (IMS) and shredded (SMS) microspheres

Sample Diameter, 
D0, μm

Specific surface 
area, A0, m2/g

Density,ρHe g/

cm3.

Fly ash 29 4.9 2.23

IMS 132 1.1 0.71

SMS 35 2.6 2.44

　The obtained values of the specific surface area, 
A0, and density, ρHe, for FA, IMS, and SMS are close 
to previously reported data 1,4,12,16). Summarizing, A0 
and pycnometric density ρHe for IMS have lower 
values compared with FA and SMS, the grinding of 
IMS is accompanied by an increase of the surface 
area and density. This increase can be explained by 
the observation that the IMS have a closed porosity. 
The closed pores are inaccessible for He and N2, but 
open up during grinding. The value of the porosity, 
ε0, is equal to the ratio of the volume of all closed 
pores to the volume of IMS, and the value of ρHe for 
IMS corresponds to the apparent (or envelope) den-
sity, including the closed porosity. Let us designate 
this apparent density as δ to distinguish it from the 
true (skeletal) density, which will be designated as ρ
He. In turn, the ρHe value for SMS corresponds to the 
true density. The values of δ and ρ are interrelated 
by Fenelonov and Mel’gunov, 29, 30):

δ = ρ (1－ε0)　　(1)
　The closed porosity value for IMS, ε0, calculated 
by eq. (1) is equal to 0.71. An analogous consider-
ation of data presented by Vereshagin et al. [16] gave 
δ = 0.995±0.008 g/cc, and ρ = 2.600±0.015 g/
cc for IMS. The internal porosity that corresponds 
to these values is ε0 = 0.617. A similar analysis of 
data from [1, 31, 32] shows that ε0 varies in a narrow 
range of 0.60-0.75.
　The values of true density for SMS are slightly 
higher than ρHe  for FA. This can be explained by 
the presence of small amounts of IMS in FA at the 

level of ～ 3.0 wt.%. Let us estimate the true density 
of FA according to a known equation, widely used in 
the studies of glass and glass-like materials (see ref-
erences [33-37])

1/ρΣ =  Σ Xi/ρi ,　　(2)
where Xi is the mass content of component i with 
true density ρi, ΣXi = 1. This relation was intro-
duced by Gehlhoff and Thomas in 1926 [33] and re-
fined in [34 - 37]. It is based on volumetric additivity.
　The calculated density of FA, which contains 3.0% 
of IMS with apparent density δ = 0.71 g/cc and 
true density ρ = 2.44 g/cc, can be estimated asρ = 1/
(0.03/0.709 + 0.97/2.44), which is equal to 2.27 g/
cc. This is very close to the experimentally measured 
values. We checked the accuracy of eq. (1) for the 
estimation of the true density of FA obtained from 
different sources 2, 38-) with variable contents of SiO2, 
Al2O3, Fe2O3 and CaO. If one uses the recommended 
values of ρSiO2=2.336 g/cc,ρAl2O3=2.392 g/cc,ρFe2O3 

=3.927 g/cc, ρCaO = 3.861 g/cc, etc. by Blanco et 
al.31), the deviation between the calculated and mea-
sured values of ρHe does not exceed 10-15%, and 
decreases significantly assuming the corrections to 
the values of the compounds’ true density proposed 
elsewhere Moreno et al.32) and Gehlhoff and Thomas33). 
This confirms the applicability of eq. (2) for estima-
tion of the true density of fly ash and shows a direct 
relationship between density and composition.
　Our results were obtained for MS after double 
separation of IMS and SMS. However, they are not 
far from those obtained elsewhere without mention-
ing any additional secondary separation. This sug-
gests that the typical MS obtained by burning coal in 
TPPs mostly have defect-free shells, impermeable to 
helium.

3.2  Interrelation between textural characteris-
tics of cenospheres and plerospheres

　Let us discuss the differences between the texture 
of cenospheres and plerospheres that allow their 
reliable identification. In this section we consider the 
problem of comparing the textural characteristics. 
Fig. 2 shows the schematic structure of spherical 
ash particles, cenospheres, and plerospheres with 
the same external diameter D0.
　Below, we attempt to formulate the dependence of 
porosity and specific surface area of such MS before 
and after destruction of their shells.
　3.2.1 Porosity. The porosity of cenospheres and 
plerospheres can be evaluated using their geometri-
cal characteristics. Hollow MS with external diame-
ter D0 have a total volume of V0= (π/6)D0

3 and their 
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shell volume is expressed as:
　 Vt = (π/6) D0

3 [1－ (1－2t/D0)3] = V0 [1－ (1
－2t/ D0)3] .　(3)

where t is the thickness of the shell. The estimation 
of t/D0 according to known published electron-mi-
croscopy data usually gives t/D0  0.1 4,9,10,15,24,42). For 
thin shells with t/D0 << 1 eq. (3) can be rewritten as:

Vt  6V0 (t/D0)　　(4)
Assuming that the shell takes up (1－ε0) = Vt/V0 

part of the total volume of MS, the cenosphere closed 
porosity is equal to:

ε0 = 1－Vt/V0 = 1－6 (t/D0) 　　(5)
In plerospheres, a part of the internal cavity is filled 
with small spheres. Let us designate their total vol-
ume as Vd. The degree of filling of the cavity with the 
internal spheres is equal to:

(1－εd) = Vd /(V0－Vt) 　　(6)
where εd is the porosity of the internal spheres pack-
ing. The total closed porosity of plerospheres is equal 
to:

εΣ= [V0－Vt－Vd] /V0 =ε0εd　　(7)
Eq. (7) is applicable to both plerospheres and ceno-
spheres (when εd  = 1.0). Its substitution into Eq. 
(1) gives the apparent density δ of cenospheres and 
plerospheres as:

δ = ρHe (1－εΣ) 　　(1*)
Thus, plerospheres generally have a lower total po-
rosity εΣ, and, correspondingly, a higherδcompared 
with cenospheres. It is natural that if the apparent 
density of plerospheres δpl exceeds the water density 
ρН2O, they sink in water. According to Eqs. (1*) and 
(7), this condition is reached at:

εt  < [1－ ρН2O/ρHe ]/ε0　　(8)
For example, in water at ρHe ～ 2.4 g/cm3 and ε0 

= 0.7, the threshold value εd  is 0.83. This is a rela-
tively high porosity, and thus, the major part of plero-
spheres sinks in water with FA. Moreover, the high 
density of plerospheres allows them to be more eas-
ily captured by electrostatic precipitators. To evaluate 
the presence of plerospheres in the MS studied in 
our work, we dried the sediment obtained after the 

second separation and tried to gather the MS that 
floated in ethanol with a density of 0.81 g/cc. After a 
long exposition (exceeding 1 day), only～12% of the 
particles floated, however, we could not get a quantity 
enough for detailed studies.
　3.2.2 The specific surface area. The external 
specific surface area, А0, related to the mass of IMS 
with external diameter D0 in general cases is:

A0 = ξS0/V0δ = 6ξ/δD0　　(9)
where S0 is the geometrical surface area of MS, V0 
is the geometrical volume, ξ is the coefficient of 
surface roughness (for rough surfaces ξ > 1.0), and 
δ is equal toρHe for non-porous particles. For non-
porous MS or MS with the intact shells when the 
internal void is inaccessible for adsorption, S0 is the 
same. All three types of MS shown in Fig. 2 with D0 
= Const, and ξ = Const have the same geometrical 
surface area S0. But the specific surface area of a unit 
of mass depends on δ and thus differs for MS of dif-
ferent types.
　Disruption of intact cenosphere shells by destruc-
tion or the formation of through pores, channels or 
cracks makes the inner surface of the MS accessible. 
In such situations, the total available specific surface 
area At of a crushed cenosphere shell is determined 
for t/D0 << 1 by the equation:
　　 At = (S1 + S2)/Vtρ  (2/D0ρ) [1－2(t/D0)]/

(t/D0)      (10)
where S1 and S2 are the geometrical surface areas 
of the external and internal surfaces of the shell with 
volume Vt, and ρ is the true density of this shell. The 
increase of the specific surface area due to shredding 
of cenospheres can be expressed as:

At/A0 = 2 [1－2(t/D0)]　　(11)
One can assume that according to eq. (11), shred-
ding of cenospheres should not result in more than 
a twofold increase of the specific surface area. Thus, 
if experimentally one observes a more pronounced 
increase of the specific surface area, this serves as 
an indication of the presence of plerospheres in the 
probe.
　Access to the internal space of plerospheres should 
be accompanied by an additional increase of the geo-
metrical surface area due to the surface of internal 
spheres. For simple estimations one can apply the 
following equation:

APS = Ad Х + At (1－Х)　　(12)
where At is the specific surface area of the crashed 
shell, determined by eq (10), Ad = 6/ρ1d is the spe-
cific surface area of internal spheres with mean diam-
eter of d and density ρ1, X is the mass of the internal 
spheres related to the mass of a plerosphere, and (1
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Fig. 2  A model of a spherical particle of ash (a), a 
cenosphere (b), and a plerosphere (c) of one single 
external diameter D0 ; D1 is the cavity diameter, t 
is the shell thickness, d is an average diameter of 
internal spheres inside the plerosphere.
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－X) is the mass of the shell related to the mass of 
the plerosphere. If ρ = ρ1, the value of X = Vd/(Vd + 
Vt). Expressing ε0, εd, and  εΣ through Vt, Vd, and 
V0 (see eq. (5), one can obtain:

Х = ε0 (1－εd)/(1－εΣ ).　　(13)
The substitution of eq. (13) in eq. (12) followed by 
a simple transformation gives:
　　 APS/A0 = 2[1－2(t/D0)][(1－ε0)/(1－εΣ)] + 

(D0/d)ε0 (1－εd)　　(14)
The first member in the right-hand part of eq. (14) 
is insignificant compared with the second member 
at D0/d>> 1.0. Thus, one can expect a significant 
increase of the specific surface area compared with 
intact shell, which is mainly determined by (D0/d), 
ε0, and εd.
　According to our data, the disintegration of CS 
results in the increase of the specific surface area 
by a factor of 2.6/1.1 = 2.3 (see Table 1). This value 
exceeds 2 and can be explained by the presence of a 
small amount of plerospheres.

4.  Discussion of the Mechanisms of Cenosphere 
and Plerosphere Formation During High-
Temperature Burning of Pulverized Coal
　Let us reconsider the cenosphere and plerosphere 
formation mechanisms and how these mechanisms 
are consistent with the overall scenario of pulverized 
coal burning and FA production. Pulverized coal 
combustion is a complex process with many interact-
ing factors which are still not perfectly understood. 
The existing overall combustion models are combina-
tions of physical-mathematical models and empirical 
correlations 21, 43-53).
　The combustion usually starts in typically middle-
size coal particles of 20 to 100 μm and includes the 
following characteristic stages: a) fast heating and 
de-volatilization (emission of water and volatile com-
bustible gases) with a residence time less than 1 s, b) 
the burning of char with a residence time of no more 
than 1-2 s, c) cooling, the residence time is several 
seconds 48-52). The combustion of de-volatilised gases 
outside the coal particle occurs during stage “a” , 
and some of the oxygen can penetrate through the 
flame towards the particle surface. The resultant 
degassed coal is usually called char. After the flame 
from the de-volatilised gases is extinguished, the oxy-
gen is able to reach the particle surface and the char 
starts to burn (stage “b” ). The char particle tem-
perature is highest during burning and it may exceed 
the surrounding gas temperature by several hundred 
degrees. As a result, the particle's temperature at the 
burning stage may exceed 2000°C in commercial fur-

naces 48-50).

4.1  General description of the char burning 
process

　Let us start with “technological” mathematical 
models, which are focused on the kinetics of the pro-
cess, the heat and mass transfer, and the resulting 
FA dispersion during coal combustion. Calculation of 
the FA dispersion is usually based on fragmentation 
mechanisms, including attrition, fracturing, percola-
tion 45,46, 54-61), or thermal stresses 62-64). Fragmentation 
due to attrition corresponds to combustion in fluid-
ized beds with a high particle concentration 65,66), 
This mechanism does not explain the production of 
numerous small fragments, whose size by orders of 
magnitude is lower compared with that for the par-
ent fuel particles. During fracturing, fragmentation 
to only a few pieces is possible. These pieces have a 
size which cannot be significantly smaller than the 
size of the parent particles. In its turn, the percola-
tion mechanisms of porosity generation are more 
universal, they are extensively used to simulate and 
clarify the effects of various factors on char burn-out 
and fragmentation 67-70).
　The percolation models are frequently used for 
simulation of the de-volatilization and char combus-
tion stages. In the percolation models, usually only 
one coal particle is considered because it is assumed 
that all particles show identical behavior. Usually, the 
coal or char structure is represented as a 3-D cubic 
network composed of different types of cells which 
are volatile matter, char or coal matter, ash and voids. 
An original porosity is generated by the random 
and uniform introduction of cells that correspond 
to pores in the matrix. The percolation begins with 
gasification of peripheral cells, which corresponds 
to their transformation into ash or void cells. The 
direction of the gasification front from periphery to 
center is determined by Monte Carlo procedures [67-
71]. In this case the important swelling processes 
are not taken into account. Such processes can be 
accounted for when one applies Monte Carlo proce-
dures to simulate gasification, which starts inside the 
particles without direct connection with their outer 
surface. The de-volatilization process continues until 
all volatile cells are depleted. Then the stage of com-
bustion in the emptied space of pores begins. During 
this stage, the relation between the rates of chemical 
reaction of char combustion and diffusion of oxygen 
and reaction products is taken into account. Frag-
mentation takes place at a threshold porosity, defined 
by the theory of percolation 62,71). For example, this 
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threshold porosity value was determined as 0.833, 
corresponding to a burn-out of 25% by Arene et al.57).
　The adjustment of model parameters to fit data 
make it possible to use all these alternative models 
to predict qualitatively important features of the coal 
and char evolution or at least to understand it. This 
can work well for estimation of technological param-
eters, but it ignores such important physicochemical 
mechanisms as fusion and vaporization of a signifi-
cant part of inorganic components, condensation of 
released vapors, swell of char, appearance and disap-
pearance of cenospheres or plerospheres, etc. Only 
some of the known mathematical models at least 
formally take into account the swelling and sinter-
ing 70,71). In other models very rapid de-volatilization 
and total lack of swelling are assumed by Leckner60). 
However, the inevitable simplification for mathemati-
cal formalization is dangerous because “Das kind mit 
dem bade ausschutten” c , i.e. one can miss significant 
physical and chemical mechanisms that control the 
formation of certain types of structures.

4.2 Physico-chemical mechanisms
　We believe that an adequate description of fuel 
particle combustion should be based on the physico-
chemical factors that were ignored in the existing 
mathematical models. To start with, let us briefly 
discuss the properties of the major ash-forming com-
pounds in coal 1-4,12), such as mineral inclusions as well 
as organically bound heteroatoms. The ash-forming 
heteroatoms can include, e.g., S, N, O, many types 
of metals, etc. 1-6,12). The composition and content of 
these heteroatoms and inclusions as well as the size 
of the mineral inclusions and their distribution vary 
significantly from one coal to another depending on 
coal rank, its geological location, separation method, 
etc. The typical mineral inclusions are alumosilicates 
and silicates (e.g. clays, quartz), carbonates (e.g. 
calcite, dolomite, siderite), sulfides (e.g. pyrite) and 
oxides 1-4,12-16), etc. The starting average size of such 
inclusions is approximately 1 μm.
　The high temperature and the reducing atmo-
sphere enhance volatilization of a portion of the inor-
ganic ash-forming compounds. Even elements pres-
ent as refractory oxides such as SiO2, CaO and MgO 
with very high melting and boiling temperatures can 
volatilise under the reducing conditions inside the 
burning char. This generates such volatile forms as 
SiO, Ca, Mg, NaCl 53, 72-78). Typically, ash precursors, 
which are found as included or excluded mineral ox-

ides in coal, are not easily volatile. These precursors 
are the source of coarsely dispersed ash. Whereas 
the ash precursors, which are found as organically-
bound and as salts, are easily volatile during combus-
tion. Such precursors are the source of finely dis-
persed ash. The resulting fine ash particles grow by 
coagulation, recondensation (Ostwald ripening79-82)) 
and agglomeration83,-85). Non-volatile components 
can melt and coalesce inside the char particles or on 
their surface. Some minerals do not fuse in the char 
during combustion and their composition remains al-
most unchanged throughout the combustion process, 
resulting in ash particles with compositions similar to 
that in the parent coal.
　The volatilized ash compounds (especially K, 
Na, S, Ca, Mg, Sr, Ba, Zn, Si, chlorides, sulfates, 
etc.12,13,40,51-54,74-86,87) form new fine particles by homoge-
neous nucleation outside the burning zone, but inside 
this zone they form residual ash particles inside the 
char particles and on the char surface by heteroge-
neous condensation51, 88-92). The amount of vaporized 
ash strongly depends on the char combustion tem-
perature, since a higher temperature leads to more 
vaporization of ash materials 74,91,92). If the parent coal 
contains more easily volatile elements, the produc-
tion of submicron particles also increases68,72). The 
concentration of submicron particles is affected by 
the furnace wall temperature, fuel/air ratio, preheat 
temperature and the furnace aerodynamics74, 93).
　The scenario of FA formation based on such an ap-
proach can include four main mechanisms whose ac-
tion results in the formation of a bimodal (or trimodal 
by Yu et al. 92)) ash particle size distribution. The fine 
particles (<1 μm) are produced via vaporization/con-
densation of easily volatile ash compounds. The large 
particles (>1-5 μm) are produced from fragmentation 
of char and excluded mineral particles [53, 94]. The 
extent of char fragmentation depends on the char 
swelling behavior 53, 95-101). If the char fragments are 
large and contain large mineral particles, this mineral 
will coalesce. The occurrence of a trimodal distribu-
tion identified by Yu et al.92) results from agglomera-
tion of the coarse particles.
　It is obvious that along with the development of 
modern variants of mathematical modeling, which 
gradually scramble out from Procrustes’ bed of 
model restriction and are helpful for technological 
appreciations, fundamental research is necessary 
to account for possible combination mechanisms 
and physical simulation with minimum restrictions, 
assumptions, and simplifications. Such models are 
unavoidable at today's stage of development of math-c Throw the babe out with the bathwater.
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ematical modeling. The results of such fundamental 
physicochemical research can be used to develop 
more adequate mathematical models of solid fuel 
combustion.

4.3  The general scheme of supramolecular 
structure formation

　Let us discuss the generalized physicochemical 
scenario of the appearance and disappearance of 
cenospheres as well as plerospheres during fly ash 
production during high-temperature coal combustion 
at thermal power plants. Our scenario should include 
all models and mechanisms considered above on the 
sequential characteristic stages of heating of coal, 
burning of char, and cooling of ash as well as the fact 
that the ongoing transformations strongly depend on 
the type, content, form and distribution of inorganic 
and other components in the coal. The following dis-

cussion relates to bituminous carbons (solid fuel, or 
SF) that swell during burning and can be assumed as 
a source for cenospheres and plerospheres.
　Fig. 3 shows a generalized schematic of the for-
mation of the supramolecular structure of the MS 
and FA during the high-temperature combustion of 
pulverized SF. The transfer “a” → ”b” corresponds 
to de-volatilization at fast heating. The de-volatiliza-
tion occurs from the outer surface to the center of 
a particle and is accompanied by a movement of a 
temperature front. Removing the volatile compounds 
should result in the formation of microporosity, but 
simultaneous high-temperature heating results in 
plasticization of the residual phase and its sintering 
with formation of large pores 46,47, 102-105). The forma-
tion of porosity occurs according to the percolation 
mechanism and can result in fragmentation.
　Fig. 3c corresponds to the starting of the char 
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Fig. 3  Successive stages of MS and FA formation during the high-temperature combustion of pulverized solid fuel (for a 
description, see the text). The gray color corresponds to carbon, black to inorganic components. The arrows in d 
and f show the direction of the capillary forces, the arrow f shows the places of appearance of a concave meniscus in 
the contact zone between particles, the arrow A in j shows a breakthrough of gas through the shell. 
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burning stage inside pores and on the surface. Gas 
can be removed from the volume of the particles 
through the pores, connected to the outer surface, 
so the combustion reaction shifts to the dif fusion 
regime 20,21). In parent SF particles, various mineral 
forms are distributed randomly (Fig. 3a). The burn-
ing-out of char is accompanied by a concentration of 
mineral components on the surface, decomposition 
and consolidation of the chemically bound species, 
melting and sintering of the most fusible forms (e.g. 
congruent melting of metasilicate and sodium meta-
silicate occurs, respectively, at 1090℃ , and 875℃
, according to Bryers 14)). So the coarsely dispersed 
minerals, which are relatively weakly associated with 
carbon, can melt and coalesce. Mineral substances 
in bonded forms break bonds with carbon and con-
vert to volatile products that condense according to 
the mechanism of homogeneous nucleation in the 
cooling zone (Figs. 3e” and 3e1) or deposit on the 
surface of the existing particles via heterogeneous 
nucleation. Nucleation via the “e”→ “e1” pathway 
results in formation of the fine FA fraction, although 
the average particle size can increase due to Ostwald 
ripening.
　Simultaneously, the fragmentation occurs at this 
stage (Fig. 3c→Fig. 3d). The increase in tem-
perature results in pyrolitic breaking of a part of the 
bonds between the atoms of carbon. As a result, the 
remaining carbon fragments become labile, and a 
certain part of them transforms to the mobile form of 
pitch. The overall lability of the forming plastic meta-
plast or mesophase (by Marsh 105)) depends on the 
temperature and volume ratio of liquid to solid. When 
the latter ratio exceeds a certain threshold value, 
the metaplast transforms from visco-plasticity to the 
fluid-viscosity state [ - ], e.g. according to Raask 12) 
and Spiro 107), 50%wt. of pitch in parent SF particle is 
necessary to form a viscous state.
　The labile metaplast at this stage consists of the 
products of carbon pyrolysis and labile mineral 
forms. Under the influence of the surface capillary 
forces, the metaplast modifies the surface of char 
particles, fills the remaining pores, and distributes 
evenly on the surface, forming an intact shell. Un-
der equilibrium conditions 32, 109), such shells should 
have a constant curvature. This contributes to the 
transformation of particles of arbitrary shape into 
spheres (Figs. 3d→Fig. 3f), and provides a con-
stant curvature and thickness of the shell. A violation 
of this requirement is accompanied by a spontaneous 
redistribution of matter in shells until their thickness 
and curvature becomes constant. More refractory 

mineral components and unburned solid carbon form 
the core of the corresponding hybrid particles (Fig. 
3g) with viscoplastic shells and less plastic cores. 
The dynamics of the further transformation includes 
interrelated processes on the surface and inside such 
hybrid particles. The driving force behind these pro-
cesses is governed mainly by the action of surface 
tensionσand surface curvature, while resistance 
to these processes is provided by viscosityηof the 
metaplast 62, 110).
　The increase in temperature reduces the viscosity 
of the components forming the core, thus facilitating 
their gradual transition from the core to the shell. 
Direct contacts between particles cause the forma-
tion of a meniscus in the zones of contact and the 
appearance of capillary forces that bring the particles 
together (Fig. 3f). The intensity of these processes 
is determined by the balance of forces of surface ten-
sion and viscosity. The detailed mechanisms of such 
processes is considered, for example, in [111-115]. 
For simple estimations, one can consider the dimen-
sionless parameter ψ = στ/ηR0, where σ is the sur-
face tension of the metaplast,τis the time, η is the 
viscosity of the core or shell, and R0 is the particle ra-
dius, or effective pathway of a transfer. Growth of ψ 
increases the depth of transformation. For example, 
a high value of ψ can lead to complete coalescence 
of a pair of particles in Fig. 3f with the formation of a 
single spherical particle (Fig. 3g), and a small value 
of ψ more likely corresponds to particles sintering 
in the contact zones with the formation of aggregates 
(Fig. 3h).
　As a result, easy-to-melt mineral inclusions contrib-
ute to the growth of particle size due to sintering and 
coalescence, but volatile forms can deposit at contact 
zones accompanied by the formation of intergrown 
assemblies of particles, or can precipitate outside the 
burning zone, resulting in the formation of the small 
particles 31). These effects are controlled by diffusion 
and kinetics, variation of “lifetime” in different zones, 
etc. Therefore, multiple collisions between particles 
and aggregates are accompanied not only by the 
destruction of the least stable (loose) particles ac-
cording to the mechanisms of abrasion and splitting, 
but also the agglomeration with the formation of new 
aggregates, and as a result persistence and growth of 
the most densely packed, i.e. strong, ones.

4.4  Formation of cenospheres and plerospheres
　Even more significant events occur due to the fact 
that the direct link of the core with the outer space 
is absent due to the presence of an intact shell of 
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metaplast at this stage. Therefore, the gas released in 
the cores leads to the formation of bubbles (Fig. 3i). 
The sources of this gas are the products of pyrolysis 
and gasification of unburnt solid fuel, decomposition 
of minerals as well as other volatile forms. Under 
equilibrium conditions, the pressure of gas in such 
bubbles depends on their radii r according to the 
Laplace-Young law ΔP = 2σ/r. The difference of 
ΔP between bubbles with different r promotes the 
growth of large bubbles due to diffusion of gas from 
the bubbles of small size, and coalescence of con-
tacting bubbles with the formation of one or several 
bubbles in the bulk surrounded by the shell. The 
pressure in the bubbles can exceed the equilibrium 
under real conditions of fast temperature increase. 
But in any case, gas release is accompanied by swell-
ing of the hybrid particles with an increase of the ex-
ternal size, D0, and reduction of wall thickness t (the 
transition from Fig. 3i to 3j). Such hybrid spherical 
particles with gas-filled cavities are the direct precur-
sors of MS. To form MS they must withstand swell-
ing in the hot zone, solidification during cooling, as 
well as survive in collisions with other particles.
Let us make estimations. Changing the relative thick-
ness of the shell t/D0 with swelling of microspheres 
is derived from equation (4) at Vt  const in the form

ti/D0i = (V0/V0i) (t0/D0)　　(15)
where t0, D0, and V0 are the shell thickness, external 
diameter, and volume of an initial sphere (state 0), 
and ti, D0i, and V0i are that for a swollen sphere (state 
i). Thus, an increase of volume is accompanied by a 
decrease of ti/D0i. For example, a twofold increase of 
volume results in a twofold decrease of t/D0, while 
the external diameter increases by only 26%.
　Blowing up of the shell as a result of the increase 
of the internal gas pressure is accompanied by an 
increase in stress in the shell to maximal critical 
values of στ,max. Above this critical value the shell de-
structs. The theory of thin spherical shells’ stability 
is a classic problem of the elasticity theory116,117). Ac-
cording to one of the basic equations of this theory, 
introduced by Laplace, in the simplest case of a thin-
walled spherical shell with (t/D0)→ 0, the critical gas 
pressure inside the cavity Pmax is defined as

Pmax = 4στ, max(t/D0)　　(16)
where στ, max, is expressed in units of pressure.
　The problem of the strength of hollow micro-
spheres of glass-like materials is intensively investi-
gated in connection with the prospects of use of such 
materials for the storage of compressed hydrogen as 
fuel for cars118,119), in problems of volcanology120-130), 
during the studies of properties of inorganic and 

polymeric glassy materials124-127), in general fracture 
mechanics128-131), etc. For glass and ceramic MS 
that are considered for hydrogen storage, στ, max

～ 104 atm118,119). The results of numerous studies of 
the strength limit of glass-like materials in various 
forms (microspheres, microbubbles, vesicles, etc.) 
at temperatures up to the temperature of vitrification 
TG, give the values of στ, max, in the range of 103 -105 
atm120-122). According to Mungall et al.120) and Romano 
et al.121), the strength practically does not change 
if the cavity is filled with CO2 or Xe, but may be re-
duced by 1-2 orders of magnitude in the presence of 
water vapor. The authors explain this effect with the 
appearance of micro-cracks in the shell due to volume 
changes caused by the processes of hydration-dehy-
dration during temperature changes. It is essential 
that this effect is weakened when the cooling rate is 
high (200℃/s), which is characteristic for the condi-
tions of a TPP, as well as with an increase of the size 
of MS at D0> 50 microns121). The problem of thermal 
stresses in hollow spheres of glass is discussed in 
detail by Nowacki129) (p.219). In general, the strength 
decreases with the loss of sphericity, the presence of 
microcracks, surface roughness and other defects 
that contribute to stress concentration128,129). These 
stresses decrease the strength of individual MS and 
lead to some statistical distribution of probability of 
their destruction61,63,64,120,129). Similar relationships are 
known for the viscoplastic or viscoelastic membranes 
and films at T> TG (vir trification temperature) at 
much smaller values of στ, max

128 -134).
　The values of t/D0 = 0.06±0.04 obtained in 
[15] can be considered as critical (t/D0)cr. Further 
swelling with an increase in D0 and a correspond-
ing decrease in t leads to destruction of the shell. 
Some spread in t/D0 values is easily explained by, 
for example, variations in the values of στ, max, which 
depends on the chemical and phase composition, 
plasticity, the rate of gas emission and other factors 
determining the mechanical, rheological and other 
properties of the shell20,97,98). It is essential that the 
values of t/D0 that were obtained in by Ngu et al.15) 
for intact MS after polishing are close to the usually 
observed values for shredded MS. Apparently in the 
hot zone, MS with t/D0 < (t/D0)cr continue to swell, 
and those with t/D0 > (t/D0)cr crack or transform by 
an oscillation mechanism, which is discussed below. 
As a result, only MS with t/D0＜ (t/D0)cr can escape 
the hot zone and survive. The situation of t/D0 ＜＜ 
(t/D0)cr is not realistic due to extremely high internal 
pressures in small bubbles, according to the Laplace-
Young law.
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　This tough condition can be the cause of the small 
fraction of MS in the products of combustion in TPPs, 
as well as the experimentally observed narrow range 
of values of t/D0 in cenospheres and plerospheres.
　In general, the destruction may occur both dur-
ing the  viscoplastic state in the hot zone, and during 
cooling to T <TG in transition to the brittle state typi-
cal for glass-like materials. The trigger for destruc-
tion can be the growing internal pressure during a 
plastic stage, the external pressure, which can ex-
ceed the internal one when MS are cooled down, and 
the kinetic energy of a collision.
　The variants of destruction with the formation of 
cracks (Fig. 1c) and the ejection of large fragments 
of shell (Fig. 1a) were shown earlier. The complete 
disintegration of MS into separate fragments (not 
shown) is also possible. All these options are typical 
for brittle fractures that most likely start at the stage 
of cooling down to T <TG. The problem of the forma-
tion, growth and destruction of MS with viscoplastic 
or viscoelastic shells is considered, for example, by 
Sheng and Azevedo21) and Dacombe et al.64), who 
studied the formation of fly FA and MS, Yao et al.114) 
and Ribe135), who attempted to develop a general 
theory of the dynamics of thin viscous films, Mungall 
et al.120,121), who studied the cooling of volcanic lava 
or by van der Schaaf and Beerkens136) who examined 
the behavior of glass spheres in the molten metal.
　The simplest scenario of the MS destruction at this 
stage involves breakthrough in the shell at t/D0 < 
(t/D0)cr accompanied by gas emission, possible loss 
of part of the shell, the subsequent collapse and re-
formation of an intact shell over a preserved core. In 
the newly formed shell, the diameter of the particle 
D0 becomes significantly smaller, and the value t/
D0 increases to values that allow the re-formation 
and growth of new bubbles up to values of (t/D0)cr 
followed by repeated re-destruction (Fig. 3j⇄3k). 
These stages of swelling and collapse of the particles 
can be repeated many times, until the depletion of the 
source of gas or the moment of transition of particles 
in the cooling zone21, 64) happens.
　During such oscillations, the plastic components 
that form the core can move as a whole in the meso-
plast of a shell or can gasify. The transport of such 
MS into the cooling zone leads to the formation of 
cenospheres (Fig. 3l), while an incomplete transition 
of components in the shell can be a cause of plero-
sphere formation (Fig. 3m). Fig. 3n shows a hy-
pothetical schematic for plerosphere formation with 
hollow particles within a single shell. This can be 
implemented if the processes such as 3j⇄3k proceed 

at the level of “internal” particles inside a mutual 
large sphere. Brittle fracture of MS with parameter 
t/D0 < (t/D0)cr leads to the formation of fragments 
(Fig. 3o), which can sinter and transform into non-
porous spheres or aggregates of FA (Fig. 3p). This 
allows the formation of intact particles of FA with a 
wide size distribution and various types of morphol-
ogy starting from the spherical particles formed dur-
ing sintering and coalescence in the hot zone, and 
ending with a variety of products whose transition to 
an equilibrium spherical form was not finished (Fig. 
3p). According to Seames23) and many others, the 
majority of FA particles are spheroidal. This indicates 
their preferential formation and an intense sintering 
in the hot zone. Frequently, observed particles with 
a typical acute-angle shape and a size of less than 1-2 
microns are clearly fragments - the products of brittle 
fracture in the cooling zone. One can believe that in 
typical situations, the formation of different forms of 
fly ash from bituminous coal passes through a stage 
of formation of the MS.
　The case shown in Fig. 1b can be regarded as the 
consequence of an additional special type of fracture 
of viscoplastic shells in the hot zone. The actual con-
ditions of the combustion of the fuel particles do not 
match the equilibrium. This might cause the forma-
tion of individual damaged areas in the shell with 
local volcano-like gas release without destroying the 
entire shell. The reduction of pressure to equilibrium 
is accompanied by a contraction of the shell and its 
“healing” due to the action of surface-capillary forces. 
This mechanism is similar to excess gas pressure dis-
charge in wheat dough studied by Hailemariam137), or 
volcanic lava120-123), followed by “healing” the formed 
craters. This explains the presence of “craters” or 
their traces on the surface of MS as clearly observed 
in Fig. 1b. Such craters serve as emergency pres-
sure relief valves.
　The conventional ideas on the mechanism of ce-
nosphere formation proposed by Fisher et al.11) and 
Raask12) attribute the main source of gas to only the 
mineral inclusions of types of carbonates, sulfides, 
sulfates, and clay minerals, the decomposition of 
which gives a moderate amount of gaseous products. 
The mechanisms “periodic shell collapse” and “pres-
sure relief valve” (subsequently referred to as oscil-
lation mechanism) remove this restriction. Any 
compounds of fuel that are suitable to gas emission 
can be involved. Plerospheres can be formed in the 
hot zone as cenosphere precursors as the result of 
the incomplete transfer of mineral components from 
the core to the shell (Figs. 3k, 3n, 3m), and much 
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less likely as a result of filling of the MS cavity with 
small spheres through cracks at the stage of cooling 
(the mechanism proposed by Goodarzi and Sanai27) 
and Shibaoka and Paulson28)). So, the mechanisms 
proposed by Ngu in [15] seem to be the most prob-
able.

4.5 Cooling stage

　The cooling stage finishes the formation processes 
and states the molecular and supramolecular struc-
ture of the resulting materials. The formation of crys-
talline and amorphous solid phases sharply increases 
the viscosity. Simultaneously, the chemical and phase 
composition of the inorganic products of coal burning 
can significantly differ from the starting material due 
to the transformations that occurred and the redistri-
bution of all mineral compounds noticed by Bryers14).
　The cooling starts from the external surface. As 
a result, the temperature of the shell can be lower 
than that of the core, which is filled with gas in the 
case of cenospheres, or with solid untransformed 
compounds and gas in the case of plerospheres. 
The following events are determined by the balance 
between the changes of internal pressure P and the 
strength of the shell, which also changes according 
to the rheological properties of glass-like materials.
　To illustrate these features, the typical dependence 
of the specific volume, ν, of a glass-like material with 
temperature, T, is shown in Fig. 4. The increase of T 
results in thermal expansion and increase of ν. The 
corresponding density, ρ, decreases. The high-tem-
perature region (region А in Fig. 4) corresponds to 
the viscoplastic state of a melted matter. In the case of 
normally crystallizing compounds, a decrease of T to 

some critical Tc results in their crystallization (curve 
I (AEF)). But glass-like compounds are character-
ized by a high viscosity, which inhibits formation of 
a regular crystalline structure. Thus, curve I can be 
obtained for these compounds only during infinitely 
slow cooling down. More common are the curves of 
type II (ABCD), when transition from liquid to solid 
occurs within an interval of vitrification (BC) after 
some supercooling, which corresponds to an interval 
between TC and T1. The vitrification temperature TG 
(point G in Fig. 4) lies within this interval of ΔTG = 
T1－T2.
　The softening temperature T1 corresponds to a 
transition from the viscous to plastic state, and the 
solidifying temperature T2 from the solid state. For 
many typical compositions of mineral compounds, 
the values of T2  1250±250℃, and T1  1450±150
℃1-5) apply, although in general T2 can vary from 480 
－500℃ for some alumosilicates to～1500℃ (quartz) 
and 1700℃ (crystaballite)*4 . Usually, ΔTG 100－
200℃ and, as well as TG, is determined by chemical 
composition. ΔTG, and TG increase with the cooling-
down rate of the system.
　The most essential point is that within the vitrifica-
tion interval, the viscosity increases with several or-
ders of magnitude, e.g. from η～ 1012 Pa・s (liquid 
melt) to 1016 Pa・s (solid phase), while the specific 
volume changes with 8÷12%14,138), and the rate of gas 
release decreases with temperature not as significant-
ly. According to Frank-Kamenetsky139), with the value 
of carbon burning activation energy at 80-170 kJ/
mol, a temperature decrease of 300÷500℃ results in 
only a tenfold decrease of the rate of carbon burning. 
Other reactions give similar estimations of the gas 
release rate.
　The significant changes of rheological and, corre-
spondingly, mechanical properties inhibit the action 
of the oscillating mechanism with shell regeneration 
and result in the increase of στ, max in equation (16). 
This increase is more considerable at T < TG. Let us 
discuss possible scenarios of the events occurring 
during cooling down in more detail, assuming the 
mentioned features.
　In the case of only volatile compounds, the de-
crease in temperature results in their supersatura-
tion followed by rapid precipitation on the surface of 
neighboring particles, or nucleation of new particles. 
Nucleation increases the fraction of small particles 
with the size of 0.1 - 1.0 μm that can hardly be cap-
tured with electrostatic precipitators, and which are 
just as dangerous for ecology as cenospheres. These 
fine particles can be easily spread with the wind, 
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penetrate into respiratory paths, etc.2-5). On the other 
hand, the larger particles can serve as distinctive col-
lectors that can capture such volatile components and 
reduce their concentration. From this point of view 
it would be useful to develop various technologies 
that would facilitate the effect of deposition of volatile 
compounds on such “collectors”.
　The transformation of all forms of particles at T < 
T2 to a brittle state must intensify their mechanical 
destruction. Cooling leads to fixation of the cavities, 
and the parameter t/D0. Microsphere shells com-
pletely lose their ability to regenerate after depres-
surization at T T2. The condition of maintaining the 
integrity of the intact shell MS can be written as

P(T) ＜ 4στ, max (T) [t/D0]　　(17)
where P(T) is the pressure inside the cavity, which 
depends on T and gas source, στ, max is the parameter 
in equation (16), which also depends on T, as well 
as on other parameters. The shell is viscoplastic at 
T ＞T1, it is plastic within ΔTG, and becomes brittle 
at T＜T2 having high value of στ, max . 
　The cooling of cenospheres which do not have an 
internal gas emission source, is accompanied by the 
decrease of P(T) (up to a 5 or 6-fold decrease). This 
allows fulfillment of the condition determined by eq. 
(17) when T＞T1, and moreover at T＜T1. One can 
explain the frequently observed brittle cracking of 
cenospheres to the pieces of various size with a non-
uniform distribution of stresses in the shell that hap-
pens mainly at T＜T2. 
　The case of plerospheres, which can contain gas 
emission sources, is more complicated. If the gas 
emission at T T1 (or T TG) is not compensated by 
a reduction of the internal pressure due to the reduc-
tion of T, then this MS is most likely doomed to be 
destroyed. Experimentally, one can observe only ple-
rospheres whose shells are partially destroyed. We 
believe this destruction is caused by the mechanism 

of brittle fracture (Fig. 1d) at T＜ TG. Plerospheres 
with intact shells can be observed by applying the 
technique of electron-microscopic analysis of thin 
sections15). But the detection of such plerospheres re-
quires a pre-selection of MS with whole and broken 
shells, or additional measurements of the density and 
the accessible surface before and after crushing of 
the MS. Unfortunately, such additional studies were 
not carried out by Ngu15). Analysis of the changes in 
density and specific surface area in section 3.2 shows 
that even if plerospheres with intact shells are pre-
served, then their contribution is small. However, the 
general problem of the existence of the plerospheres 
with intact shells remains debatable, and also options 
for their efficient utilization are questionable.

5. Conclusion 

　Based on the presented analysis one can provide 
a probable sequential scheme of plerospheres, ceno-
spheres and fly ash formation during the burning of 
pulverized bituminous coals with a typical composi-
tion of mineral admixtures at thermal power plants. 
　De-volatilization transforms the initial coal to char 
and shifts burning to the volume of char particles 
through pores. The char combustion is accompanied 
by the increasing concentration of all mineral forms 
plus the formation of volatile and condensed phases. 
When the burning-off degree is high, the percolation 
scenario proposed in mathematical models54-70) be-
come less probable and can be used for non-swelling 
forms of fossil fuel (peat, lignite, etc.) only. The for-
mation of a supramolecular structure of the products 
of bituminous coal burning is governed by a joint ac-
tion of burning and pyrolysis of carbonaceous mate-
rial and the behavior of mineral fractions: volatility of 
bound forms and melting of non-volatile forms. The 
general schematic of the main processes is shown in 
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Fig. 5. 
　An intensive sintering of the products of incom-
plete carbon burning results in the formation of 
heavy residues in the form of slag (bottom ash) which 
precipitates mainly at the bottom of the furnaces. An-
other part of the matter is made up of slightly aggre-
gated fine particles that are carried out by the air-gas 
flow and which deposits in electrostatic precipitators 
or ends up in the exhaust gases. The fly ash forma-
tion most likely goes through skeletal structures 
similar to that of plerospheres with the possible coex-
istence of multiple-cavity bubbles within a single par-
ticle. They are then transformed into “normal” plero-
spheres with one or more interior particles which can 
serve as the contributors of gasification. The above-
discussed oscillation mechanism can start its ac-
tion at this stage, resulting in the formation of micro-
spheres or their fragmentation. The destruction of 
the MS in the hot zone or at the beginning of cooling, 
followed by sintering and aggregation of the resulting 
fragments leads to the formation of non-porous fly 
ash. So, fragmentation is possible during all sequen-
tial stages simultaneously with mechanical breakage 
due to collisions. The destruction at the cooling zone 
is accompanied by the formation of defective MS and 
fragments, which also partially sinter, giving a contri-
bution to the FA. Preservation of many plerospheres 
with intact shells has a low probability. However, they 
can persist in the form of the largest MS, which suc-
cessfully escaped destruction. This corresponds, for 
example, to data about the dependence of the content 
of plerospheres on their size obtained by Ngu15). So 
it can be assumed that the main FA precursors are 
the volatile mineral species and products of damage 
of plerospheres and cenospheres, while the main 
cenosphere precursors are plerospheres. Apparently, 
the same concept with minimal modification can de-
scribe the origin of typical swelling products of the 
high-temperature combustion of heavy oil, garbage, 
biological materials and domestic waste according to 
Bryers14).
　The proposed scenario explains reasons for a weak 
dependence of the shell thickness, t, on the MS diam-
eter D (t/D values are defined by temperature and 
chemical composition), and why the plerosphere size 
is large and their relative fraction is low compared 
with cenospheres. This scenario emphasizes the im-
portant role of the cooling stage for the fragmentation 
processes, which is usually ignored. It also includes 
a general picture of physico-chemical processes dur-
ing the de-volatilization of coal, burning of char and 
cooling of fly ash based on the fundamental physico-

chemical concepts, which is absent in previous well-
known publications.
　We hope that this analysis of the properties and 
genesis of the supramolecular structure of ceno-
spheres and other products of high-temperature com-
bustion of pulverized coal based on the mechanisms 
assumed here  are useful from a technological point 
of view. 

List of symbols and acronyms
CS cenosphere 
FA fly ash
IMS intact microsphere
MS microsphere
PS plerosphere
TPP thermal power plant
SF solid fuel
SMS shredded microsphere
t microsphere shell thickness
D0 microsphere  external diameter
A0 specific surface area of intact microsphere
At  specific sur face area of shredded micro-

sphere
ρHe  density, measured by means of helium pyc-

nometry
ε0  porosity of void sphere (for example, ceno-

sphere)
εΣ  porosity of sphere filled with internal spheres 

(for example, plerosphere)
εd  εΣ/ε0 is the porosity between internal 

spheres and the inside filled sphere
δ apparent density
σ surface tension
στ, max critical stress values
η viscosity
P pressure
V0 total microsphere volume
Vt shell volume
Vd volume of internal  spheres in plerosphere
TG  vitrification temperature
X  mass of internal spheres related to total mass 

of plerosphere (eq. 12,13)
Xi  related mass of component i (2)
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Abstract

　A dry coating technique has been used to change the surface properties of silica gel particles 
(d50=55µm) by coating with different mass ratios of magnesium stearate - MgSt2 (d50=4.6µm): 1%, 
5%, 15% and 30%. The dry coating experiments were performed using a “Hybridizer, a high-speed 
dry impact blending coater”, manufactured by Nara Machinery (Japan). The surface morphology 
of the uncoated and coated silica gel particles was observed by environmental scanning electron 
microscopy (ESEM).  The images show that a greater MgSt2 coverage was observed on the surface of 
silica gel as the MgSt2 mass ratio is increased. In addition, atomic force microscopy (AFM) analysis 
revealed how this coating process makes possible a discrete and uniform dispersion of the MgSt2 
particles. AFM studies were carried out with a scanning probe microscope Multimode Nanoscope 
IIIA (Digital Instruments/Veeco Metrology Group).

Keywords: AFM phase imaging, adhesion force, dry coating, silica, magnesium stearate

Surface Analysis of Silica Gel Particles After
Mechanical Dry Coating with Magnesium Stearate†

Laurence Galet1*, Yamina Ouabbas2, Alain Chamayou1, Philippe
Grosseau2, Michel Baron1, Gérard Thomas2

Ecole des Mines d’Albi-Carmaux1

Ecole Nationale Supérieure des Mines de Saint Etienne2

1. Introduction

　Dry particle coating to change the surface proper-
ties of powders is very important in many industries. 
Typical applications include, but are not limited, to 
flowability, wettability (hydrophobic/hydrophilic 
properties), solubility, dispersibility, flavour, shape, 
electrostatic, optical, electric, magnetic, etc. In dry 
particle coating processes, materials with relatively 
large particle size (host particles; 1-500 mm) are me-
chanically coated with fine particles (guest particles; 
0.1-50 mm) in order to create new functionality or to 
improve their initial characteristics 1). Since the size 
of the guest particles are so small, van der Waals in-
teractions are strong enough to keep them firmly at-
tached to the host particles. Thus, either a discrete or 
continuous coating of guest particles can be achieved 
depending on a variety of operating conditions includ-

ing processing time, rotation speed, weight fraction 
of guest to host particles and particle properties 2). 
Fig. 1 below is a simple schematic illustrating the 
process of dry particle coating.
　Over the last few years, we have performed ex-
perimental investigations of applications of the dry 
coating technique to study the effect of mechanical 
dry coating on the surface properties of powders. 
Our recent work is related to the modification of the 
flowability and the wettability properties of silica gel 
particles coated with different weight ratios of mag-
nesium stearate by using a high energy impact coater 
Hybridizer from Nara Machinery 3) and a high shear 
mixer Cyclomix from Hosokawa 4). For example, the 
flowability of the silica gel powder was significantly 
decreased after treatment in the Cyclomix mixer with 
15% of MgSt2. Moreover, it has been found that the 
coating by hydrophobic MgSt2 in the Cyclomix can 
reduce the high affinity between silica gel and water 
after treatment with 5% and 15% of MgSt2. In those 
papers, it has been demonstrated that a dry particle 
coating technique can be used to modify the proper-
ties of silica gel powder by coating with small quanti-
ties of hydrophobic magnesium stearate in both the 
Hybridizer and the Cyclomix. The more uniform 
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coating has been obtained after treatment in the Hy-
bridizer device.
　In this paper, we report an investigation of the 
surface analysis of the coated silica gel particles us-
ing atomic force microscopy in tapping mode (TM-
AFM) and contact mode (CM-AFM). The TM-AFM 
method, based on the measurements of the oscilla-
tions of a cantilever probe in contact on the sample, 
has been used for several years to characterize the 
surface topography of particles. In particular, phase 
contrast images are related to characterize the attrac-
tive and repulsive probe sample interactions 5), the 
sample surface components 6) and the morphology of 
composite particles 7). The CM-AFM method consists 
in using a colloidal probe fixed on the cantilever to 
quantify the adhesion force between the particles. 
As an example, Kani et al report an interesting study 
on the silica-mica adhesion force as a function on 
the presence of impurities on the silica particles 8). 
Meincken et al. report a relationship between contact 
angle analysis and adhesive forces measurements by 
the AFM technique in a study of the surface hydro-
phobicity of polyurethane coatings 9). This technique 
has been also used to characterize the adhesion prop-
erties of pharmaceutical carriers 10). In our case, we 
performed AFM phase-contrast and adhesion forces 
measurements to characterize the surface of silica 
particles as a function of the magnesium stearate 

mass ratio (1 to 30%).

2. Experimental

2.1 Powders
　Silica gel powder supplied by Merck and usually 
used for filling chromatography columns has been 
chosen as host particles for dry coating (Silica gel 
60, 0.040-0.063 mm). The volume distribution of silica 
gel shows a population of large particles with median 
diameter (d50) of about 55 µm. Hydrophobic magne-
sium stearate (MgSt2) supplied by Chimiray is used 
as guest particles. The MgSt2 is a fine, white, greasy 
and cohesive powder widely used in pharmaceutical 
formulation as a lubricant. A wider size distribution 
is observed for MgSt2 particles. The size of MgSt2 
particles varies between 20 µm to less than 1 µm with 
a median diameter (d50) of about 4.6 µm. The main 
properties of host and guest particles are reported in 
the Table 1.

2.2 Coating process
　The hybridization system (HB, type NHS-0; Nara 
Machinery Co.), a high-speed dry impact blending 
coater, has been used to make the silica gel-MgSt2 

composite particles. The reactor consists in a very 
high-speed rotating rotor with six blades, a stator and 
a powder re-circulation circuit. The coating chamber 

Table1　Properties of host and guest particles

Particles Size (d50) (µm)
(Mastersizer 2000)

Solid density (g/cm3)
(Helium Pycnometer)

Specific surface area
(SBET (m2/g)

Pore Volume
(cm3/ g)

Silica gel 55 (Dhost) 2.07 (ρhost) 475 0.69

MgSt 5 (dguest) 1.04 (ρguest) 7.7 0.02

Fine powder 

Core powder

Embedding

Filming process

Multi layer

Ordered mixture

Mechanical
action

Mixing

Fig. 1　Schematic principle of dry coating.
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is surrounded with a jacket in which coolant is cir-
culated 1). The coating process can be summarized 
as follows: the powder mixture (host and guest par-
ticles) is subjected to high impaction and dispersion 
due to collisions with blades and the walls of the 
device and continuously re-circulates in the machine 
through the cycle tube. Particle coating is achieved 
due to the embedding or filming of the guest par-
ticles onto the host particles by high impaction forces 
and friction heat. Since the rotor of the hybridizer 
can rotate from 5000 to 16000 rpm, very short pro-
cessing time is required to achieve coating. The op-
erating conditions used in experiments are 4800 rpm 
for 5 min. The preparation of the coated particles is 
described in detail in previous papers 3, 4). Coating 
experiments have been carried out with 1%, 5%, 15% 
and 30% of mass fraction of guest MgSt2 particles.

2.3 Particles characterization
　The uncoated and coated silica gel particles were 
examined by environmental scanning electron mi-
croscopy (ESEM) to study the surface morphology 
and the covering by the MgSt2 particles (XL 30 Phil-
ips). The ESEM images reveal that greater MgSt2 

coverage is observed on the surface of silica gel par-
ticles as the percentage of MgSt2 is increased (Fig. 2). 
Additional investigations were done to analyse the 
surface atomic composition of the coated particles by 
X-ray spectroscopy confirming the presence of mag-
nesium atoms when analysis is performed on a black 
spot 11). At 15%, the surface coverage of the MgSt2 is 
intense but seems discrete.
　Thermal analysis was used to measure the MgSt2 
mass fraction after treatment (TG-DSC 11 Setaram). 
Samples are analyzed under nitrogen gas, from 20°C 
to 600°C, with a ramp of 5°C/min. Fig. 3 and 4 show 
the heat flow, the mass lost and the differential mass 
lost as a function of the temperature diagram for pure 
silica gel and MgSt2, respectively. We observe that 
the silica gel particles have a main first mass loss of 
about 4-5% near 100°C, due to dehydration, and a sec-
ond near of 2% 400-600°C, probably due to a thermal 

decomposition. The MgSt2 has a first small mass loss 
near 100°C due to dehydration and a main mass loss 
of 85-90% between 250°C and 450 °C due to a thermal 
degradation. This mass loss can be used to quantify 
the MgSt2 in the powder mixtures.
　TG-DSC experiments have been performed on sil-
ica gel-MgSt2 mixtures made by manual mixing (1%, 
3%, 15%, 30% and 50% mass ratios). The loss of mass 
obtained between 250°C and 600°C as a function of 
the MgSt2 ratio is reported in the Fig. 5. This result 
is the mean of two measurements. The results show 
a very good relation between the AGT-DSC mass loss 
(%) as a function of the MgSt2 ratio (%). The linear 
relation obtained with a high correlation coefficient 
has been used to calculate the real composition of the 
coated particles after processing in the reactor with a 
precision of less than ±1%. 
　AFM measurements were made with a Multimode 
Nanoscope IIIA from Veeco Metrology Group. In 
tapping mode, the cantilever is driven to oscillate. 
Height, amplitude and phase images were simultane-
ously recorded for each sample. Beyond the standard 
height imaging, the phase contrast mode is quite effi-
cient to exhibit the main surface property differences 
between de silica gel and MgSt2. 
　The amplitude and the frequency of the oscilla-
tions change when the tip scans on a surface. TM-
AFM images are produced by imaging the oscillating 
contacts of the tip with the sample surface: height 
and amplitude images give information on the sample 
surface topography and phase images give informa-
tion on the atomic surface composition (interaction 
tip-surface). The TM-AFM measurements were per-
formed with a MPP 11100 Silcon phosphorus doped 
silicium tip with a spring constant of 40 N/m. Large 
surface scale of surface sample has been scanned: 
from 250×250nm2 to 5×5nm2, for silica gel and silica 
gel-MgSt2 coated particles (1%, 5% and 15% MgSt2 
mass ratio).
　In contact mode AFM, the tip scans the sample in 
close contact with the surface. The force between 
the tip and the surface sample is measured as the 

as received silica gel silica gel + 5% StMg silica gel + 15% StMgsilica gel + 1% StMg

50 µm

Fig. 2　ESEM images of silica gel and MgSt2-silica gel coated particles.
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Fig. 3　TG-DSC diagrams for silica gel.

-8

-7

-6

-5

-4

-3

-2

-1

0

0 100 200 300 400 500 600

Temperature (°C)

m
a

s
s
 l
o

s
s
 (

%
)

-0,35

-0,3

-0,25

-0,2

-0,15

-0,1

-0,05

0

D
T

G
 (

%
/m

g
) 

H
F

 (
m

W
/m

g
)

TG % DTG %/min HF mW/mg

Fig. 4　TG-DSC diagrams for MgSt2.
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distance, by maintaining a constant deflection. To 
examine the mechanism of interaction between silica 
gel and MgSt2 particles, the CM-AFM measurements 
were performed with a NP silicon nitride tip with a 
spring constant of 0.32 N/m on which a MgSt2 par-
ticle was glued under optical microscope. The adhe-
sion forces were measured between the MgSt2 par-
ticles attached on the end of the cantilever and the 
different samples of uncoated and coated particles 
with 1% to 30% MgSt2 mass ratio. For each sample 
450 force curves were obtained. The presence of the 
magnesium stearate particle on the tip was checked 
after each series of measurements.
　Influence of the coating on the surface property 
of the silica gel particles was also studied. The ses-
sile drop method was used to study the wettability of 
the different samples. We report the contact angle 
value of a water drop (10 ml) deposited on different 
particulate systems: pure silica gel, pure MgSt2 and 
coated particles. The method performed is described 
in details in previous papers 3, 4).

3. Results and Discussion

　The real concentration of the MgSt2 after coating is 
calculated from the TG-DSC measurements and the 
calibration straight line shows in Fig. 5. The results 
are reported in the Fig. 6. This loss of MgSt2, due to 
a deposit of MgSt2 on the coating chamber surface, 
varies as a function of the introduced MgSt2 mass ra-
tio. That is from 30% for the sample containing initial-
ly 30% of MgSt2 in the mixture, to 40% for the sample 

containing initially 5% MgSt2 in the mixture.
　The phase imaging TM-AFM characterisations 
of the samples are reported in Fig. 7. Concerning 
the MgSt2, the amplitude image reveals an irregular 
surface topography. The phase contrast image shows 
various levels of phase contrast (black and white 
areas), which can reach 50°. The silica gel particles 
have a more regular surface topography, formed by 
spherical micro beads (about 100 to 600 nm) and a 
low phase contrast only due to the topography (from 
0° to 10°). The analyses of the silica-MgSt2 coated 
particles clearly reveal a modification of the surface 
due to the presence of the magnesium stearate, even 
at 1% of MgSt2 introduced. With a MgSt2 initial mass 
ratio of 15%, both the amplitude and the phase con-
trast images evolve into the pure MgSt2 images. For 
the coated particles, the part of the image character-
ized by high phase angles can be attributed to the 
presence of MgSt2 layers on the surface of silica gel.
　The contact mode analyses bring some pertinent 
information about the silica gel covering by the mag-
nesium stearate. Fig. 8 gives an adhesion force–
displacement curve for the pure products. The force 
measured between a particle of MgSt2 fixed onto the 
AFM tip is about 10 nN for the pure silica gel particle. 
That is near 120 nN for the MgSt2-MgSt2, revealing a 
high interaction.
　The adhesion force distributions for the different 
particulate systems are reported in the Fig. 9. These 
distributions were obtained from 450 measurements 
of each particulate system. This force varies pro-
portionally to the quantity of MgSt2 introduced and 
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confirms the increasing presence of the MgSt2 on 
the silica gel surface when the mass ratio increases. 
For the coated particles, the number of high adhe-
sion forces increased as the mass ratio of MgSt2 
increases. The mean adhesion force between the 
MgSt2 particles attached on the end of the cantilever 
and the MgSt2 sample (68 nN) was stronger than for 
the silica gel sample (8 nN). The large distribution of 
the adhesion forces confirm the discrete deposition 
of the MgSt2 particles onto the surface silica gel par-
ticles as observed by the ESEM images.
　The mean adhesion force calculated from the 450 
measurements for each system is reported in the 
Table 2. The results show an increasing of the mean 
value of the force as a function of the increasing of 
the MgSt2 concentration. The mean adhesion force 
seems to evolve progressively to the mean value of 
the pure MgSt2 (Fig. 10). This no linear evolution 
could be due to a random distribution of the MgSt2 
particles on the silica gel surface.
　The affinity of water is evaluated by the behaviour 
of a water drop deposited on the particulate systems. 
The initial contact angle values are reported in Table 
3. The Fig. 11 shows the evolution of the contact 
angle as a function of the MgSt2 ratio. We observe a 
increasing of the contact angle of the water drop as 
the presence of the MgSt2 on the silica gel surface. 
This result is of course in agreement with the hy-
drophobicity of this compound. However, even with 
a low content of MgSt2, the contact angle measured 
is significatively modified: 70° and 110° for 0.1% and 

1.1% MgSt2 respectively. The surface property of the 
silica gel particles is modified by dry coating even 
with a very low ratio of MgSt2. This result reveal that 
at the water drop scale, a very few presence of MgSt2 
is enough to modify the hydrophilic property of the 
silica gel.

4. Conclusion

　Dry particle coating can be used to create new 
generation materials with altered properties or new 
functionalities. This treatment creates a discrete or 
a continuous coating of fine particles on the surface 
of the large particle surface. In this study a Nara 
Hybridizer has been used as a dry coating device for 
the coating of silica gel particles with different mass 
ratios of MgSt2 particles. ESEM observations show 
that MgSt2 particles form a discrete coating onto the 
surface silica gel particles. The MgSt2 surface cover-
age increases and the surface becomes more and 
more uniform as the mass ratio of MgSt2 is increased. 
In addition to ESEM observations, AFM images and 
distributions curves of adhesion forces confirm the 
distribution of MgSt2 in discrete layers onto the silica 
gel surface. The mean adhesion force obtained for 
the different particulate systems reveal a no linear 
evolution to the adhesion force measured for the pure 
MgSt2. From these results, we are currently working 
on the development of a distribution model of MgSt2 
particles onto the surface of silica gel based on the 
adhesion force results. The sessile drop method re-
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Table 2　 Mean adhesion force (nN) for differ-
ent particulate systems

Sample Mean adhesion
force (nN)

Pure silica gel
Silica gel + 2.95 % MgSt
Silica gel + 9.93 % MgSt
Silica gel + 21.51 % MgSt

Pure MgSt

8
13
23
35
68

Fig. 10　Mean adhesion force (nN) as a function of the sample MgSt2 concentration.
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Fig. 11　Contact angle measurements ( ° ) as a function of the sample MgSt2 concentration.
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Table 3　 Contact angle measure-
ments ( ° ) for different par-
ticulate systems

Sample Contact angle
( °)

Pure silica gel
0.1 %
1.1 %
3.0 %
9.9 %

Pure MgSt

15± 3
70± 7
110± 5
112± 5
116± 3
125± 6
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veals that a discrete deposition of the MgSt2 allows 
a real modification of the hydrophilicity of the silica 
gel. Less than 3% of MgSt2 is enough to increase the 
contact angle near the value of the pure MgSt2. This 
additional approach confirms the efficiency of the 
dry coating technique to design some new composite 
systems with controlled end use properties.
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Nomenclature

AFM Atomic Force Microscopy
CM-AFM  Contact Mode Atomic Force Micros-

copy
ESEM  Environmental Scanning Electron Mi-

croscopy
MgSt2 Magnesium Stearate
TM-AFM  Tapping Mode Atomic Force Micros-

copy
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Abstract

　The article presents a comparison of the traditional methods to investigate the fractional 
composition of nanosized powders, namely atomic force microscopy (AFM), scanning electron 
microscopy (SEM), dynamic light scatterin, (DLS) and a new one – analysis of the aerosol 
products of submillimeter pulse laser ablation (SLA). As has previously been proven, biological 
macromolecules retain activity after ablation under submillimeter wavelengths, molecules become 
separated in the aerosol phase and each sort of molecues forms its own fraction of the aerosol 
particles. We suggest that this process is made possible as the result of influence on the hydrogen and 
van der Waals’ bonds, with the energies within the submillimeter range. Results of investigations 
on SiO2 and artificial diamond clusters using the above methods in both powder and colloid 
states are discussed. SLA with subsequent detection of aerosol products with the help of convenient 
aerosol equipment is found to be simple, fast and informative, and can act as a competitor to mass 
spectrometry, X-ray scattering and other methods.

Keywords: THz laser ablation, nanopowders, aerosol analysis

A Novel Method of Probing the Fractional
Composition of Nanosystems†
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Institute of chemical kinetics and combustion SB RAS1,
G.I. Budker Institute of nuclear physics SB RAS2,
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Introduction

　Laser ablation is a phenomenon thas is sure to 
gain broad application in science, technology 1) and 
medicine 2). At present, the case in point is the use of 
the radiation with wavelengths shorter than 10µm, 
and this implies the destruction of a material at the 
molecular level. Use of the submillimeter radiation 
opens novel outlooks in this area. The submillime-
ter (terahertz) radiation is the region of the electro-
magnetic spectrum between the far infrared and 
microwave radiation. Usually this region corresponds 
to wavelengths from 100 to 500µm. This region has 
become available to researchers due to the recent 
development of new powerful sources of THz radia-
tion. One of these sources is the Free Electron Laser 
(FEL), developed and built at the Institute of Nuclear 

Physics SB RAS. The radiation of this laser is pulsed 
wite a pulse duration of about 50 picoseconds ane 
a pulse period of 180 nanoseconds; the laser wave-
length is tunable within the range 120 to 240 microm-
eters with the relative radiation line width about 10-3, 
average power up to 400 W, and peak power up to 0.8 
MW 3).
　After the soft nondestructive ablation of biological 
macromolecules was discovered 4,5), the possibility 
arose to develop a principally new method to mea-
sure the size of nanoparticles and nanosystems of all 
kinds.
　The phenomenon of soft nondestructive ablation 
involves the transport of macromolecules from a sol-
id substrate or from solution into the aerosol phase 
under the action of laser radiatiof in the terahertz 
range; the structure and initial properties of the mac-
romolecules aredretained. A specific feature of this 
radiation is small quantum energy, ~0.01 eV, which is 
comparable with the energy of the hydrogen and van 
der Waals’ bonds but much less than the energy of 
the covalent bonds. So, the terahertz radiation is un-
able to dissociate molecules with a single quantum, 
which allowg the molecules to be transferred into the 

† Accepted: September 23rd, 2010
1 630090, Institutskaya 3, Novosibirsk, Russia
2 630090, Lavrentiev prospect 11, Novosibirsk, Russia
3 PB 55, AI Virtasen Aukio 1, FIN-00014 HY, Helsinki, Fin-

land
* Corresponding author
 E-mail: kozlov@kinetics.nsc.ru, TEL.: +73833332944, 

FAX: +73833307350



KONA Powder and Particle Journal No.28 (2010)220

aerosol phase without destroying the primary struc-
ture. Experiments were carried out with lyophilizates 
and colloids of DNA, proteins and enzymes. The 
process of transition into the aerosol phase occurs 
without destruction and denaturation of molecules; 
all their biological properties aredpreserved. In this 
process, an individual fraction of macromolecules 
forms an individual fraction of the aerosol particles. 
Binary and ternary mixtures form two or three frac-
tions of the aerosol particles, respectively 4,5). The 
molecular masses of these fractions correspond to 
the molecular masses of the initial components. This 
circumstance suggests that a new universal method 
may be developed to determine the size of nanopar-
ticles of any origin.
　Determination of the fraction composition of 
nanopowders, nanocolloids and biological macromol-
ecules is of significant interest for academic and for 
practical applications. Conventional methods used for 
this purpose are X-ray scattering, electron microsco-
py, and mass spectrometry; these methods are time-
consuming, expensive and sometimes ambiguous. 
We propose to use terahertz laser ablation for the 
nondestructive transfer of a nanodispersed system 
into the gas phase, followed by its analysis using con-
ventional aerosol instruments. In the present work, 
we used an automatic diffusion battery with the con-
densation particle counter 6) to determine the particle 
size distribution of ablation products within the size 
range 3 – 250 nm; the source of the terahertz radia-
tion was the free electron laser (FEL) of the Siberian 
Center for Photochemical Research 3). Ultrafind 
diamond-carbon powder and ultrafine silicon dioxide 
powder were used as the subject of investigation. 
　To demonstrate the capability of the proposed 
method, the results of the sample investigation ob-
tained by means of the soft laser ablation were com-
pared with the results obtained using conventional 
methods: dynamic light scattering (photon correla-
tion spectroscopy), scanning electron and atomic 
force microscopy at the Department of Chemistry of 
the University of Helsinki.

Experimental technology and sample treatment

　Commercially available ultrafind diamond-carbon 
and SiO2 powders were used as the samples. The 
ultrafind diamond-carbon powder was obtained by 
detonating solid explosives at FR&PC (ALTAI) (Bi-
ysk, Russia). As reported by the manufacturer, the 
powder contains 40-60 mass per cent of ultrafine 
diamond. Particle size is 5-20 nm. The ultrafine SiO2 

powder “Tarkosil” was manufactured at the INP SB 
RAS by means of electron impart. According to the 
manufacturer’s data, the average size of powder par-
ticles is 18-25 nm.
　To determine the particle size distribution of the 
powders with conventional methods, we used the 
scanning electron microscope Hitachi S-4800, atomic 
force microscope Veeco Instrument Nanoscope V 
(tapping mode). Light scattering measurements were 
conducted using a goniometer BI-200SM, two BI-DS1 
detectors, and a digital cross-correlator TurboCorr 
(Brookhaven Instrument Corporation). Methodologi-
cal aspects of the method can be found elsewhere 7). 
Time-correlation functions were analyzed with an 
inverse Laplace transform program CONTIN (BIC 
software). The mean peak value of a size distribution 
was a matter of choice to estimate an apparent hydro-
dynamic radius of scattering objects.
　Intense sample preparation was carried out before 
the DLS and microscopic examination. The samples 
were transferred into a diluted solution wite a concen-
tration of 0.01-1mg/ml, and sodium dodecyl sulfate, 
SDS, was added to provide colloidal stability of par-
ticles. To disintegrate the interparticle aggregates, 
an intense ultrasonic treatment of the solution was 
carried out, followed by filtration through a mem-
brane with pore diameter 0.45µm. Measurements 
of the light scattering signal were carried out at the 
wavelength of 488 nm at angles 90º and 140º with se-
rial dilutions of the solution under investigation. In 
addition, for the atomic force and scanning electron 
microscopy studies, the prepared solutions were ad-
ditionally subjected te lyophilic drying directly on the 
microscopic substrates. To be sure in the absence 
of any significant effect the sample preparation pro-
cedure, we studied the samples at all stages of this 
procedure. An example of the micrograph of the pre-
pared sample of diamond-carbon powder, obtained 
with the scanning electron microscope, is shown in 
Fig. 1. All the experiments were carried out at room 
temperature. 
　To study the samples by means of the submillime-
ter laser ablation, the sample was placed into a hori-
zontal cell (Fig.2) into which an excess of filtered 
gaseous nitrogen was admitted, which was necessary 
to prevent thl ingress of aerosol from outside. Before 
starting the work, we always tested for the absence 
of aerosol in the entire air line. The power density 
necessary for the start of ablation was established by 
moving the sample along the focal axis of the sector 
mirror with the focal distance f=10 cm; its average 
value was 20 W/cm2. No special sample preparation 
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was carried out before the ablation; the sample pow-
ders were placed on a substrate made of alumnium 
foil; deionized water was added (～50wt. per cent). 
Exposure was 3 – 10 seconds. The resultant aerosol 
was conveyed with nitrogen flow into a buffer res-
ervoir of 25 liters in volume to stabilize the number 
concentration of the particles. The aerosol was then 
brought to the dif fusion spectrometer of aerosols 
(DSA) to analyze the particle size distributione The 
duration of a single measurement was 4 minutes. 
Measurements were carried out in series of 4 mea-
surements per series, then the size distributions were 
averaged over the series. Irradiation of pure sub-
strate did not cause the formation of particles. The 
total number of test on each sample was over 30. The 
mean-root-square deviation of the average particle 
size did not exceed 15%.

　In the present work, aerosol particles were de-
tected by means of the dif fusion spectrometer of 
aerosols, which is intended to measure the particle 
size distribution and concentration of fine aerosols 
of natural and anthropogenic origin. The DSA may 
be used to solve a broad range of problems in atmo-
spheric chemistry and physics, in environmental 
monitoring and the control of industry-related emis-
sions, and also in laboratory aerosol research. The 
range of measurable particle diameters is 3 to 250 
nm. The range of particle concentrations measured 
without dilution is < 5×105cm-3. The flow rate of aero-
sol under investigation is 1 l/min.
　The per formance of this instrument is based 
on the dependence of the dif fusion coef ficient of 
nanoparticles on their size 8).

Fig. 1　 An example of the micrograph of a sample of the prepared diamond-carbon powder, obtained with the scanning 
electron microscope. 

Fig. 2　Schematic of an experimental set-up. 
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Here, k is the Boltzmann constant, T the tempera-
ture, η the gas viscosity, r the particle radius, l the 
free path,  A = 1.246, B = 0.42, b =0.87 are constants.
　This dependence is the reason why the particles of 
different size have different deposition rates when an 
aerosol flow passes through porous media; in other 
words, smaller particles leave the flow faster, so that 
the coefficient of particle passage (penetration coef-
ficient) through such a medium contains the informa-
tion about the size of particles. This circumstance is 
used in diffusion spectrometers of aerosols. 
　The basic element of the DSA is a screen-type dif-
fusion battery. The porous medium is a packet of 
screens placed perpendicular to the flow. The range 
of particle diameters measured with the DSA is 3 to 
250 nm. The scren -type battery is characterized by a 
simple dependence of the penetration coefficient K(r) 
on the particle size:

K (r) =
(

1−B(D(r))
2
3

)n
 (2)

Here, n is the number of nets in the packet, B is a 
valug dependent on the design of the battery (the 
size and characteristics of the screens used in it) 
and on the gas flow rate through it. In the majority of 
cases, the second term in the bracketed expression is 
small, so (2) has the following form:

K (r) = e−nB(D(r))
2
3  (3)

In the case of a polydisperse aerosol with the density 
of distribution φ(r) and concentration N, according to 
(3), the concentration N(n) at the outlet of the diffu-
sion battery will be

N (n) = N0

∞∫

0

e−nB(D(r))
2
3 ϕ (r)dr  (4)

One can see that the problem connected wite deter-
mination of the particle size distribution and concen-
tration with the help of DSA is reduced to measuring 
N(n) followed by solving the integral equation 4).
　So, measurement of the particle size distribution 
of the aerosol with the help of the diffusion battery 
involves consecutive counting of the concentration of 
aerosol particles as the aerosol flow passes through 
the cascades of screens (the number of cascades is 8 
in our case); counting is performed with the help of 
the condensation counter of aerosol particles. 
　Diffusion batteries are a type of instruments that 

have made a good showing for the determination of 
the fractional composition of nanoaerosols during the 
last 50 years; they are produced by several manufac-
turers of research instrumentation (for example, TSI 
Inc., USA).
　A number of natural restrictions arise when the in-
strument type under consideration is used. It follows 
from the equations presented above that only the 
radius of particles is taken into account during the 
recovery of distributions obtained with the diffusion 
battery, therefore, the particles whose shape differs 
from a sphere will be correlated, in the size distribu-
tion, with the size of a sphere having the same diffu-
sion coefficient. Another limitation is connected with 
the measurement time. Indeed, the channels of the 
diffusion battery are scanned sequentially one after 
another. It is implied that both the number concentra-
tion of the aerosol and its particle size distribution  
remain unchanged during scanning. Special mea-
sures are taken in order to fulfill the latter condition. 
The total concentration of the aerosol under analysis 
is limited to 104cm-3, which makes us sure that the 
evolution of the distribution during measurement 
time is insignificant. This is achieved by limiting 
the exposure for sample ablation and by permanent 
monitoring of the number concentration of the par-
ticles in the buffer vessel. Stabilization of the number 
concentration of the particles is achieved by using 
the accumulation vessels. For the flow rate of gas 
under analysis equal to 1 l/min, the characteristic 
time of concentration change in the vessel is about 
30 minutes, which gives a good stabilization effect as 
the measurement time is 4 minutes. It should also be 
noted that the diffusion coefficient is independent of 
the density of particle material. And of course, regu-
lar tests are performed to compare the performance 
of our equipment with that of others and electronic 
microscopy 6).

Results and discussion

　While studying the ablation of inorganic absorbing 
samples, we discovered an empirical fact that the ad-
dition of water to the sample prevents it from agglom-
erating.
　At present, the physical mechanisms of the soft 
ablation remain not completely clear. One of the as-
sumed physical mechanisms of soft ablation is the 
absorption of the terahertz radiation by water. Wa-
ter present between the sample particles strongly 
absorbs the THz FEL radiation, which causes the 
pulsed evaporation of water and brings a part of mac-
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romolecules or clusters of the sample together with 
water vapor into the gas phase. The effect of water on 
ablation established empirically becomes more clear 
from this point of view.
　Size distributions for the ultrafind diamond-carbon 
powder and ultrafine SiO2 powder determined us-
ing dif ferent measurement procedures are shown 
in Fig. 3 and Fig. 4. Average sizes of the major (in 
counted number) fraction of particles and the width 
of distribution are shown in the figures. For the main 
numeric fraction, we see a good agreement of the re-
sults obtained by means of the soft ablation with the 
results obtained using scanning electron and atomic 
force microscopy. Complexes of coarse aggregates of 
particles (with the mean size of 100 nm and more), 
obtained wite soft ablation and dynamic light scatter-
ing, are seen in the right-hand parts of the plots. One 
can also see a low-molecular fraction in Fig. 4 in the 
left-hand part of the plot; this fraction was success-
fully recorded only with the help of soft ablation. 
　In either of the cases, only the aggregated par-
ticles were detected with dynamic light scattering in 
spite of our attempts te break the disaggregates by 
treating the sample with ultrasound and SDS. Dis-
agreement of the DLS data with data obtained using 

the other methods results from a specific feature of 
this method. Thus, intensity of the scattered light is 
strongly dependent on the molar mass of the sample. 
Even a small-by-number fraction of large particles 
overcomes the signal from smaller scatterers and the 
small size fraction cannot be seen in the presence of 
a few massive aggregates.
Comparison of the results obtained using four in-
dependent methods allows us to hope that we de-
termined the actual fractional composition of the 
powder sample, even in spite of the difference in the 
technology of sample preparation. A positive feature 
of submillimeter laser ablation is the actual absence 
of sample preparation. In this situation, only the par-
ticles of the initial substance can enter the aerosol 
phase. A low quantum energy of the radiation does 
not allow one to split the material below the threshold 
of chemical bonds, which was confirmed previously 
in the experiments with such «delicate» biological 
structures as enzymes and DNA 4,5).
　It should be stressed additionally thae investiga-
tion of the samples by means of TEM/SEM/DLS 
involves time- and labor-consuming cycles of sample 
preparation, measurement and analysis of the results 
obtained, while a single determination of the fraction 

Fig. 3　 Size distributions of diamond carbonaceous powder particles registered by scanning electron microscopy (SEM), atomic 
force microscopy (AFM), dynamic light scattering (DLS) and aerosol products of submillimeter laser ablation (Ablation).
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composition of these samples by means of analysis of 
the aerosol products of the submillimeter laser abla-
tion took about 30 minutes. In addition, our method 
allows one not only to determine the size of particles 
in a mixture but also to determine the numerical con-
centrations of the fractions with good accuracy.

Résumé

　The soft nondestructive ablation under the action 
of the terahertz radiation is an efficient method of 
transferring macromolecules and clusters from solid 
substrates and solutions into the aerosol phase while 
retaining the structural and functional features. 
　In comparison with conventional methods, the soft 
ablation method exhibits not only a good agreement 
of the mean particle size but also turned out to be 
more informative as it all of particle fractions that are 
non-recordable using other methods to be detected. 
　At present, the authors are working on master-
ing and optimizing the proposed method and plan 
to broaden the range of samples suitable for this 
analytical technique. We hope that our approach can 
become universal, that is, equally applicable in biol-

ogy, chemistry of polymers, and in the investigations 
of organic and inorganic clusters of any origin. 
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K  penetration coefficient
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 T temperature

Greek symbols
η gas viscosity

Fig. 4　 Size distributions of SiO2 powder particles registered by scanning electron microscopy (SEM), atomic force mi-
croscopy (AFM), dynamic light scattering (DLS) and aerosol products of submillimeter laser ablation (Ablation).



KONA Powder and Particle Journal No.28 (2010) 225

v density of particles distribution 
  φ count distribution of particles

References

1) Luk’yanchuk, B. (2002): “Laser Cleaning”, World 
Scientific, New Jersey.

2) Vogel A., Venugopalan V. Mechanisms of pulsed laser 
ablation of biological tissues (2003): Chemical Re-
views., Vol.103, pp.577-644.

3) Gavrilov, N.G., Knyazev, B.A., Kolobanov, E.I., Koten-
kov, V.V., Kubarev, V.V., Kulipanov, G.N., Matveenko, 
A.N., Medvedev, L.E., Miginsky, S.V., Mironenko, 
L.A., Oreshkov, A.D., Ovchar, V.K., Popik, V.M., 
Salikova, T.V., Scheglov, M.A., Serednyakov, S.S., 
Shevchenko, O.A., Skrinsky, A.N., Tcheskidov, V.G., 
Vinokurov, N.A. Status of the Novosibirsk high-power 
terahertz FEL (2007): Nuclear Instruments and Meth-
ods in Physics Research A., Vol.575, pp.54-57.

4) Petrov, A.K., Kozlov, A.S., Malyshkin, S.B., Taraban, 
M.B., Popik, V.M., Scheglov, M.A., Goriachkovskaya, 
T.N., Peltek, S.E. Nondestructive transfer of complex 
molecular systems of various origin into aerosol phase 
by means of submillimeter irradiation of free electron 

laser (FEL) of Siberian center for photochemical re-
search (2007): Nuclear Instruments and Methods in 
Physics Research A., Vol.575, pp.68–71.

5) Petrov, A.K., Kozlov, A.S., Taraban, M.B., Gor y-
achkovskaya, T.N., Malyshkin, S.B., Popik, V.M. and 
Peltek, S.E. Soft ablation of biological objects caused 
by free-electron laser submillimeter radiation (2005): 
Doklady Biochemistr y and Biophysics., Vol.404, 
pp.357-359.

6) Ankilov, A., Baklanov, A., Colhoun, M., Enderle, K.-
H., Gras, J., Julanov, Yu., Kaller, D., Lindner, A., Lush-
nikov, A.A., Mavliev, R., McGovern, F., O’Connor, 
T.C., Podzimek, J., Preining, O., Reischl, G.P., Rudolf, 
R., Sem, G.J., Szymanski, W.W., Vrtala, A.E., Wagner, 
P.E., Winklmayr, W. and Zagaynov, V. Particle size 
dependent response of aerosol counters (2002): Atmo-
spheric Research., Vol.62, pp.209-237.

7) Schärtl, W. (2007): “Light Scattering from Polymer 
Solutions and Nanoparticle Dispersions”, Springer 
Verlag, Berlin Heidelberg, Germany.

8) Fuchs, N.A. (1964): “The Mechanics of Aerosols” , 
Pergamon Press, Oxford, UK.



KONA Powder and Particle Journal No.28 (2010)226

Author’s short biography

Alexander S. Kozlov

Dr. Kozlov  (born 1975) at the present works at the Institute of chemical kinet-
ics and combustion as a researcher and manages the work of a userstation at the 
Siberian center of photochemical investigation. In 1999 he received the bachelor 
degree in chemical physics at the Novosibirsk state university. In 2005 he received 
his Ph.D. in Chemical sciences at the Institute of solid state chemistry and mecha-
nochemistry. His Ph.D. thesis was devoted to the investigation of the various pro-
cesses of nanoaerosol formation and detection in laboratory and natural conditions. 
He has more than 20 referred journal publication and over 20 international confer-
ence presentations.

Alexander K. Petrov

Born 1938.
Education: Kemerovo University, Physics, 1961; Institute of Chemical Kinetics and 
Combustion Novosibirsk, Candidate Thesis, 1967; Institute of Catalysis, Novosi-
birsk, Doctor Thesis, 1985; Professor, 1994.
Professional: Jr. Researcher, Institute of Organic Chemistry, Novosibirsk 1963-
1971; Institute of Chemical Kinetics and Combustion, Novosibirsk: 1971-1975 - Jr. 
Researcher; 1975-1986 - Senior Researcher; 1986-1992 - Leading Researcher; 1992-
2008 - Head of Laboratory of Laser Photochemistry; 1993 -2008- Deputy Director of 
Institute; 1994 – Professor; 2008 - Principal Researcher.
Current Research Interest: Chemical kinetics, Laser Photochemistry, Laser isotope 
separation, Kinetics of vibration - excited states, Interaction of laser irradiation with 
matter.
He has over 150 referred publications (including 3 reviews and 2 monographs).

Professor Gennady Kulipanov

Born 1942.
Education and Career: 1958-1963 Novosibirsk State Technical University; 1963 
– Budker Institute of Nuclear Physics; 1970 - Ph.D. in Physics, Budker Institute 
of Nuclear Physics, SB RAS; 1981 – Head of Laboratory in Budker INP SB RAS; 
1991 – Deputy Director of the Budker Institute of Nuclear Physics and Director 
of Siberian Synchrotron Radiation Center; 1997 - Corresponding Member of Rus-
sian Academy of Sciences; 1999 – 2008 Vice-chairmen of Siberian Branch of Rus-
sian Academy of Sciences; 2002 - Academician of RAS; 2008 – Deputy Director of 
the Budker Institute of Nuclear Physics and Director of Siberian Synchrotron and 
Terahertz Radiation Center.
Research Interests: Physics of nonlinear phenomena in particle accelerators, genera-
tion and application of the synchrotron radiation (SR), free electron lasers (FEL), 
THz application. He is the author more than 300 publications (including 14 reviews 
and 1 monograph).

Vladimir O. Aseyev

Docent Dr. Aseyev (born 1968) is a senior scientist and works as a university lec-
turer at the Laboratory of Polymer Chemistry, University of Helsinki, Finland. He 
received his PhD in chemistry in 1999 at the same Laboratory and became a Doc-
toral Candidate in Physics and Mathematics in 2000 at the Russian Academy of Sci-
ences, St. Petersburg, Russia. During 1999-2001, he worked at the Department of 
Chemical and Biochemical Engineering, University of Iowa, USA as a postdoctoral 
associate and then returned back to Finland. His area of interests includes physics 
and chemistry of water-soluble and -swellable polymers and nanoparticles.



KONA Powder and Particle Journal No.28 (2010) 227

ⓒ 2010 Hosokawa Powder Technology Foundation

Abstract

　A powder composite process was applied to develop several kinds of advanced ceramics. TiO2 
nanoparticles and Si3N4 particles were mixed using a powder composite process to disperse TiN 
nanoparticles in Si3N4 ceramics, which are expected to be used as novel materials for next-generation 
hybrid ceramic bearings. TEM observations showed that the TiO2 nanoparticles were directly bonded 
to submicron Si3N4 particles. Si3N4 ceramics with uniformly-dispersed TiN nanoparticles were fab-
ricated using the composite particles. The amount of damage caused by the Si3N4 ceramics with TiN 
nanoparticles to the mating metals in a ball-on-disk test was comparable to the damage caused by 
Si3N4 ceramics without TiN particles. Nanocomposite particles of Al2O3-doped ZnO prepared by a 
powder composite process were also used for fabricating ZnO ceramics. TEM observations revealed 
the uniform presence of Al2O3 nanoparticles on ZnO particles. A sintering body fabricated using the 
composite powder prepared by this powder composite process had more uniform and finer microstruc-
tures than that fabricated using a powder mixture prepared by conventional wet mixing. The ZnO 
ceramics prepared by the powder composite process exhibited higher electrical conductivity than those 
prepared by the conventional wet ball milling process. CNT-dispersed Al2O3 ceramics were fabricated 
using a powder mixture of CNT and fine Al2O3 powder prepared by the powder composite process. It 
was shown that CNTs were uniformly dispersed in the developed CNT-dispersed Al2O3 ceramics, and 
that they had high electrical conductivity and strength.

Keywords: powder composite process, silicon nitride, titanium nitride, zinc oxide, alumina, carbon nanotube
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1. Introduction

　Advanced ceramics are very significant materials 
with the potential to solve present and future environ-
mental and energy problems. The properties of these 
ceramics depend, not only on the atomic bonding 
and crystal structure, but also on the microstructural 
properties such as the grain size, grain boundary, 
impurity, secondary phase, pores, and defects in the 

sintered body. In particular, the powder processing 
has a large influence on the latter because advanced 
ceramics are fabricated by shaping and sintering fine 
raw powders. Therefore, the advancement of ceramic 
powder processing techniques, including the homo-
geneous dispersion of raw materials, formation of 
a uniform green body, and analytical control of the 
sintering shrinkage behavior, is very important to 
make better ceramics. The homogeneous mixing of 
additives can be better achieved by using nanopar-
ticles rather than large particles as the raw material. 
However, the use of the wet milling process with 
liquid dispersion media such as water and ethanol 
might lead to the reagglomeration of nanoparticles 
during drying. We have focused on the fabrication 
of advanced ceramics by using a powder composite 
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process in which nanoparticles are mechanically 
mixed using only a dry mixing process, which allows 
us to obtain nanocomposite particles. In this process, 
nanoparticles are bonded to submicron particles by 
applying an external mechanical force, specifically a 
shear force1, 2).
　Many types of powder composite processes have 
been developed commercially1, 2). These nanocom-
posite particle processes are divided into two types: 
the bonding of fine particles to a core particle and 
the homogeneous mixing of various fine particles. 
The former is regarded as surface modification on 
the microscale and nanoscale. The powder composite 
process is characterized by (a) a simple dry process, 
(b) unlimited raw material, (c) a large amount of 
treatment, and (d) the easy control of the coating 
conditions. The particle composite behavior depends 
on several factors. Naito et al. reported the effects 
of the rotor shape, mechanical treatment conditions 
(rotation speed and time), and raw material particle 
sizes on the particle composite process3, 4, 5, 6). Nogi 
et al. also estimated the relationship between the 
temperature of the container and the interface of the 
particles7).
　Some researchers have studied the synthesis of 
ceramic particles and the preparation of porous ce-
ramics using a powder composite process8, 9, 10, 11, 12). 
We also developed several kinds of dense advanced 
ceramics and controlled their microstructures to 
improve their properties13, 14, 15). In this paper, we will 
introduce the microstructure and properties of TiN-
particle-dispersed Si3N4 ceramics, Al-doped ZnO ce-
ramics, and CNT-dispersed Al2O3 ceramics fabricated 
by the particle composite process.

2. TiN-Nanoparticle-Dispersed Si3N4 Ceramics

　Over 40 years have passed since Si3N4 ceramics 
were first developed. In the meantime, Si3N4 ceram-
ics with high strength and fracture toughness have 
been developed as a result of using newly discovered 
SiAlONs16, 17); the invention of sintering aids such as 
Y2O3

18, 19); the development of fine, pure, and highly 
sinterable Si3N4 powder20); the invention of a gas pres-
sure sintering technique21); the advancement of the 
science and technology for microstructure control, 
etc. Si3N4 ceramics have been applied to automobile 
components such as glow plugs22), hot chambers23), 
and turbocharger rotors24). Around the same time, 
cutting tools and bearing components were also 
developed25, 26, 27). Si3N4 ceramic bearings were put 
to practical use in 198325). Although the cost of Si3N4 

ceramics was high, they were used as bearing mate-
rials in machine tools because of properties such as 
high strength, high toughness, high elastic modulus, 
high hardness, light weight, and good corrosion re-
sistance26, 27). Furthermore, Si3N4 ceramics fabricated 
from Si3N4-Y2O3-Al2O3-TiO2-AlN have been widely 
used for bearing applications. The authors have 
studied the sintering behavior and microstructure 
control of Si3N4-Y2O3-Al2O3-TiO2-AlN. We found that 
the densification is enhanced at lower temperatures 
by simultaneous additions of TiO2 and AlN to Si3N4-
Y2O3-Al2O3

28). It was also shown that TiN is formed by 
a reaction between TiO2 and AlN or Si3N4, and that its 
size is almost the same as that of the added TiO2

29). 
Furthermore, it was clarified that the contact fatigue 
of Si3N4 ceramics is suppressed by the dispersed TiN 
particles30).
　Hybrid bearings composed of Si3N4 ceramic balls 
and metal rings are more popular than all-ceramic 
bearings because of their cost. In hybrid bearings, it 
is possible that hard and large TiN particles damage 
the mating metals in a manner analogous to the wear 
map concept31). The dispersion of TiN nanoparticles 
is expected to be effective in solving this problem. 
TiN nanoparticles can be formed from TiO2 nanopar-
ticles because the size of TiN should be almost the 
same as that of TiO2. However, it is difficult to realize 
TiN nanoparticle-dispersed Si3N4 ceramics even if 
TiO2 nanoparticles are completely dispersed in the 
slurry32). This difficulty might be because of the reag-
glomeration of TiO2 nanoparticles during the drying 
process. We applied the powder composite process 
to develop TiN-nanoparticle-dispersed Si3N4 ceramics 
and lower the aggressiveness to the mating metals in 
a wear test.
　To fabricate TiN-nanoparticle-dispersed Si3N4 ce-
ramics, high-purity, fine Si3N4 powder (SN-E-10, Ube 
Co. Ltd., Japan), Y2O3 (RU, Shinetsu Chemical Co., 
Japan), Al2O3 (AKP-30, Sumitomo Chemical Co., Ja-
pan), AlN (F grade, Tokuyama Co., Japan), and TiO2 

(Aeroxide P 25, Nippon Aerosil Co., Ltd, Japan) were 
used as the raw materials. First, TiO2 nanoparticles 
were dispersed in ethanol according to our previous 
study32), using polyethylenimine (EPOMIN, MW1200, 
Nippon Shokubai Co. Ltd., Japan) by ball milling for 
48 h. The Si3N4 powder was then mixed into the TiO2 
slurry by ball milling for 48 h, followed by the elimi-
nation of the ethanol. The pre-mixed powder was me-
chanically treated using a powder composer (Nobilta 
NOB-130, Hosokawa Micron Co., Japan) to prepare 
composite particles. After the powder composite pro-
cess, the other sintering aids were added by ball mill-
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ing in ethanol for 48 h using β-sialon balls in a silicon 
nitride container. After removing the ethanol, 4 wt% 
paraffin (melting point: 46-48℃, Junsei Chemical Co., 
Japan) and 2 wt% dioctyl phthalate (DOP, Wako Jun-
yaku Co., Japan) were added as a binder and lubri-
cant, respectively. For reference, five types of powder 
mixtures were also prepared using only mechanical 
treatment without premixing, using conventional wet 
ball milling with 20-, 200-, or 540-nm TiO2 particles, 
and not using TiO2 and AlN (i.e., no TiN formation in 
Si3N4 ceramics). The notations for these powder mix-
tures are listed in Table 1.
　Fig. 1 shows SEM images of the powder mixtures 
before and after the mechanical treatment. The TiO2 
nanoparticles formed aggregates before the me-
chanical treatment [Fig. 1 (a)]. On the other hand, 

as shown in [Fig. 1 (b)], no TiO2 nanoparticle ag-
gregates were found in the powder mixture after the 
mechanical treatment, i.e., the TiO2 nanoparticles 
were well dispersed. Fig. 2 presents TEM images of 
the powder mixtures before and after the mechani-
cal treatment. Although the TiO2 nanoparticles were 
dispersed in ethanol by wet mixing, as reported in 
our previous paper 32), they reagglomerated as a 
result of mixing with Si3N4 powder and/or drying. 
As shown in Fig. 2 (b), the mechanical treatment re-
sulted in the uniform dispersion of the TiO2 nanopar-
ticles, thus suggesting that they might be strongly 
attached to theSi3N4 particles. A high-resolution TEM 
(HRTEM) image of a composite particle is shown 
in Fig. 3. It can be seen that a TiO2 nanoparticle is 
directly bonded onto a submicron Si3N4 particle. At 
the atomic scale, the interface between the TiO2 and 
Si3N4 was flat. Such a direct-bonded interface should 
be stronger than the interface of physically adsorbed 
particles. Si was detected in the TiO2 particles by 

Table 1

No TiN in Si3N4 ceramics003592NT

TiO2:540nm553592W-M

TiO2:200nm553592W-SM

TiO2:20nm

Conventional wet 
ball milling

553592W-N

TiO2:20nmPowder composite process553592M-N

TiO2:20nmPremixing
+Powder composite process553592PM-N

AlNTiO2Al2O3Y2O3Si3N4

RemarksMixing process
Composition (weight ratio)

Notation

Table 1　 Composition and mixing process for TiN-dis-
persed Si3N4 ceramics

Fig. 1

1 m

1 m
(b)

(a)

Fig. 1　 SEM images of powder mixture (a) before and 
(b) after a powder composite process.

Fig. 2　 TEM images of powder mixture (a) before and 
(b) after a powder composite process.

Fig. 2

100nm

100nm

(b)

(a)
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an EDS analysis. In addition, neck growth occurred 
between the TiO2 and Si3N4 particles, similar to the 
initial stage of sintering, in spite of the mechanical 
treatment at ambient temperature. This phenomenon 
should result from the reaction between the TiO2 and 
TiO2 and/or Si3N4. Nogi et al. reported the relation-
ship between the temperature of the container and 
the particle interface7). In this case, because the con-
tainer temperature is 50─60℃, the interfacial tem-
perature is expected to be around 700─800℃. On 
the other hand, the crystalline phase of the TiO2 was 
anatase, both before and after the mechanical treat-
ment, indicating that the temperature of the particle 
itself was not very high. Therefore, a mechanochemi-
cal reaction occurring just at the interface resulted 
in diffusion and sintering, forming the flat interface 
and the neck between the TiO2 and SiO2 layer and/or 
Si3N4 particles.
　The mixed powders were sieved using a #60 nylon 
sieve and then molded into φ15×7 mm pellets by 
uniaxial pressing at 50 MPa followed by cold isostatic 
pressing at 200 MPa. After binder burnout in air at 
500 ℃ for 3 h, the green bodies were fired at 1800 ℃ 
in 0.9 MPa N2 for 2 h using a gas pressure sintering 
furnace (Himulti 5000, Fujidenpa Kogyo Co., Japan). 
The sintered bodies were hot isostatically pressed 
at 1700 ℃ for 1 h under 100 MPa N2. The density of 
the fired samples was measured using the Archime-
des method. The phase present in the samples was 
identified by X-ray dif fraction (RINT2000, Rigaku 
Co., Japan). The microstructure was observed by a 

transmission electron microscope (TEM, JEM-3000F, 
JEOL, Japan) equipped with an energy-dispersive 
spectroscope (EDS, Voyager III, NORAN instru-
ments). The Si3N4 ceramics were machined using a 
grinding machine (SG-45FIIH, Wasino Engineering 
Co., Japan) and then polished using diamond slurry. 
The wear property was estimated by a ball-on-disk 
test, which consisted of a polished Si3N4 disk and 
a steel ball bearing (SUJ-2). The testing conditions 
were a relative humidity of 50 ± 2% and a tempera-
ture of 22-24 ℃ . The radius of the SUJ-2 ball was 3 
mm. The rotation speed and radius were 10 cm s－1 
and 3 mm, respectively. The weight was 5 N, and the 
running distance was 250 m. The polished and worn 
surfaces of the specimens were observed by scan-
ning probe microscopy (SPM, SPA-400, Seiko Nano-
technologies, Japan).
　The relative density of all of the specimens was 
over 98%, which was sufficiently high to measure the 
mechanical properties. β-Si3N4 and TiN were also 
identified as the main phases of the products in the 
sample, in addition to TiO2 and AlN. Fig. 4 shows 
TEM images of the TiN-dispersed Si3N4 ceramics. As 
shown in Fig. 4 (a), the size of the TiN particles in 
the Si3N4 ceramics fabricated using just wet mixing 
was 300?500 nm. On the other hand, in the case of 
using composite particles prepared by premixing and 

Fig. 3　 High-resolution TEM image of composite particle 
prepared by a powder composite process.

Fig. 3
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Fig. 4　 TEM images of Si3N4 ceramics. (a) Sample W-N 
and (b) sample PM-N.
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mechanical treatment, 20-100-nm TiN nanoparticles 
were found in Si3N4 grains and in the grain boundary 
(Fig. 4 (b)). Thus, it was shown that TiN nanopar-
ticle-dispersed Si3N4 ceramics were fabricated using 
composite powder prepared by premixing followed 
by mechanical treatment.
　Fig. 5 and 6 show optical micrographs of the 
worn surfaces of the SUJ2 balls and Si3N4 disks after 
the ball-on-disk tests. It can be observed that the 
areas of the SUJ2 balls worn by sample PM-N were 
smaller than all of the other areas, even though the 
wear track width of the Si3N4 ceramics is almost the 
same. The wear volume was calculated from the wear 
area of the ball and the worn surface profile of the 
Si3N4 disk. As listed in Table 2, the wear volume of 
the Si3N4 disk was independent of the Si3N4 ceram-
ics, except for sample W-M. On the other hand, the 
wear volume of the SUJ2 ball depended on the mat-

ing Si3N4 ceramics, i.e., the wear volume of the ball 
worn by sample PM-N was not only smaller than 
those worn by samples M-N and W-N but was also 
the same as that worn by sample NT. Furthermore, 
the wear volumes of the steel balls worn by samples 
M-SM and M-M were higher than those of PM-N, 
thus suggesting that TiN nanoparticle dispersion 
should cause less damage to the mating metals.
　The wear behavior was evaluated by SPM obser-
vations of the worn surfaces. Fig. 7 shows SPM 
images of the worn surfaces of the steel balls after 
the ball-on-disk tests. It was found that there were 
many grooves on the worn surface and that the dis-
tance between the grooves was comparable to the 
size of the TiN. Fig. 8 shows the polished surface of 
sample W-M. Even though the surface was polished, 
it can be observed that a large TiN particle projects 
from the surface because of its high hardness. This 
indicates that aggressive wear was caused by hard 
and large TiN particles during the ball-on-disk test, 
similar to abrasive wear33). In other words, because 
sample PM-N had much smaller TiN particles, the 
abrasiveness toward the mating metallic ball was con-
sidered to be comparable to Si3N4 ceramics without 
TiN particles.
　Fig. 9 shows SPM images of the worn surfaces of 
the TiN-dispersed Si3N4 ceramics. The agglomerates 

Fig. 5　 Optical micrographs of worn surfaces of the 
steel ball after ball-on-disk test.

(a) sample PM-N, (b) M-N, (c) W-N, (d) W-SM, 
(e) W-M and (f) NT
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Table 2

1.610.0NT

3.54.4W-M

20.710.9W-SM

3.99.8W-N

2.79.4M-N

1.59.5PM-N

SUJ2 ballSi3N4 disk

Wear volume / 10-12m3
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Fig. 6　 Optical micrographs of worn surfaces of the 
Si3N4 disk after ball-on-disk test.

(a) sample PM-N, (b) M-N, (c) W-N, (d) W-SM, 
(e) W-M and (f) NT

Table 2　 Wear volume of Si3N4 disk and SUJ2 ball after 
ball-on-disk test



KONA Powder and Particle Journal No.28 (2010)232

observed on the worn surface of sample W-M might 
consist of metallic wear particles. Because of the 
adhesion of metallic particles on the worn surface of 
Si3N4 ceramics, the wear volume of sample W-M ap-
pears to be smaller than the other samples. Because 
the grain boundary phase is easily removed, the 
Si3N4 grain shape is emphasized. The Si3N4 ceram-
ics in this study were composed of Si3N4 grains, TiN 
grains, and a grain boundary phase. It is well known 
that softer materials are more easily worn. Therefore, 
a softer grain boundary phase is considered to be 
preferentially worn during a ball-on-disk test. Fur-
thermore, because the Si3N4 ceramics used in this 
study were fabricated from the same composition of 
sintering aids, it seems that the wear volumes of the 
Si3N4 ceramics were comparable. Thus, it was shown 
that TiN nanoparticle-dispersed Si3N4 ceramics were 
successfully developed using TiO2 and Si3N4 compos-
ite particles prepared by pre-mixing and mechanical 
treatment, and that the dispersion of TiN nanoparti-
cles lowered the aggressiveness to the mating metals 

in the wear test.
　The developed Si3N4 ceramics need high mechani-
cal properties for bearing application. ISO 26602:2009 
provides a classification defining the physical and 
mechanical properties of silicon nitride preprocessed 
ball bearing materials. These materials are classi-
fied in three categories by the specification of their 
characteristics and microstructures. Fig. 10 shows 
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Fig. 7　 SPM images of worn surface of steel ball after 
ball-on-disk test.

(a) sample PM-N, (b) M-N, (c) W-N, (d) W-SM, 
(e) W-M and (f) NT

Fig. 9　 SPM images of worn surface of Si3N4 disk after 
ball-on-disk test.

(a) sample PM-N, (b) M-N, (c) W-N, (d) W-SM, 
(e) W-M and (f) NT Fig. 9
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Fig. 8　SPM images of polished surface of sample W-M.
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the Weibull plot of the bending strength of sample 
PM-N. The shape factor in the Weibull plot of the 
bending strength was 13, and the average bending 
strength was 1109 MPa. The fracture toughness and 
Vickers hardness were 6.7 MPam1/2 and 15.4 GPa, 
respectively. These are higher than the Class I values 
in ISO 26602 : 2009. We prepared balls using the de-
veloped material to measure the crushing strength. 
The crushing strength of this material was about 31.7 
N, which is 1.5 times that of the conventional Si3N4 
ceramics used for bearings. A rolling fatigue test was 
carried out using 3 10-mm diameter balls under a 
pressure of 5.9 GPa. The rolling fatigue lifetime of the 
developed TiN-nanoparticle-dispersed Si3N4 ceram-
ics was longer than 107 cycles. Consequently, it was 
confirmed that the developed material has sufficient 
mechanical properties for use in the next generation 
of ceramic bearings.

3. Al-Doped ZnO Ceramics

　ZnO is a typical n-type semiconductor. Numerous 
researchers have studied the electrical properties 
of ZnO ceramics for many years. Because of the ad-
vantages offered by the particular properties of ZnO 
ceramics, they have been used to manufacture varis-
tors34), sensors35), thermoelectric transducers36), trans-
parent conductive films37), light emitting diodes38), 
etc. The electrical properties of ZnO ceramics are 
controlled by adding small amounts of additives. For 
example, it has been reported that Cr2O3, CoO, MnO, 
Bi2O3, and Pr6O11 additives exhibit nonlinear electrical 
conductivity39, 40). In addition, because Al2O3 dissolves 
in ZnO, the carrier concentration can be controlled 
(controlled valency). Therefore, Al2O3-doped ZnO im-
proves the electrical conductivity41, 42).
　Many researchers have fabricated ZnO ceramics 

using a solid reaction; here, a ball milling technique is 
normally used to mix the powder for the fabrication. 
The homogeneous dispersion of additives is one of 
the most important processes in powder processing; 
this process results in the production of better ZnO 
ceramics. This homogeneous mixing of additives 
can be better achieved by using nanoparticles rather 
than large particles as the raw material. However, 
the use of the wet milling process with liquid disper-
sion media such as water and ethanol might lead to 
the reagglomeration of nanoparticles during drying. 
Consequently, the amount of mixed material obtained 
might not be sufficient to take advantage of the char-
acteristics of nanoparticles. We developed Al2O3-
doped ZnO ceramics using nanocomposite particles 
composed of γ-Al2O3 nanoparticles and ZnO submi-
cron particles prepared by mechanical treatment and 
investigated the effect of the mixing process on the 
electrical conductivity of ZnO ceramics.
　ZnO powder (grain size: 0.2─0.6 μm, JIS 1, Haku-
sui Tech Co., Ltd.) and γ-Al2O3 powder (grain size: 7 
nm, TM-300, Taimei Chemicals Co., Ltd.) were used 
in this study. The amounts of γ-Al2O3 used were 0.1, 
1.0, and 3.7 mol%. These powders were premixed 
for 30 min by dry ball milling. This milling was car-
ried out using Al2O3 balls of φ10 mm. The premixed 
powder was mechanically treated using a powder 
composer (Nobilta NOB-130, Hosokawa Micron Co.) 
working at 2000 rpm for 10 min to prepare composite 
powders. For reference, raw material powders of the 
same compositions were prepared by carrying out 
wet ball milling in ethanol using Al2O3 balls of φ10 
mm for 24 h.
　The mechanically treated powders were observed 
using a transmission electron microscope (TEM, 
JEM-3000F, JEOL Ltd.). Fig. 11 shows the TEM 
images of the ZnO-Al2O3 powder mixture after the 
mechanical treatment (Figs. 11 (a) and (b)) and 
wet ball milling (Figs. 11 (c) and (d)). Figs. 11 (b) 
and (d) are enlarged TEM photographs. The angular 
and dark pieces of grains shown in Figs. 11 (a) and 
(c) represent the ZnO grains. Smaller particles can 
be seen on the surface of a ZnO particle in Fig. 11 
(a). Fig. 11 (b) shows that the size of the smaller 
particles on the ZnO particles was less than 10 nm, 
which was almost the same as that of the γ-Al2O3 
used in this study. Therefore, it appears that the γ
-Al2O3 nanoparticles were directly bonded to the ZnO 
particles. On the other hand, a large agglomeration of 
γ-Al2O3 was observed after wet ball milling (Fig. 11 
(c)), and it was concluded that the γ-Al2O3 nanopar-
ticles were not directly bonded to the ZnO particle 

Fig. 10　 Weibull plot of bending strength of sample PM-N.
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(Fig. 11 (d)).
　Fig. 12 shows the XRD profiles of the ZnO-Al2O3 
powder before and after the mechanical treatment, as 
well as the raw materials used. The characterization 
of the composite powder was carried out by X-ray 
diffraction using Cu Kα radiation. It was observed 
that the phases present in the composite powder 
consisted exclusively of ZnO and γ-Al2O3, which 
were the same as the raw materials. Therefore, we in-
ferred that γ-Al2O3 bonded to the ZnO grain surface 
because of the mechanical treatment. In this experi-
ment, we were also able to establish the phenomenon 
reported above. The estimated temperature of the 
particle interface7) must be maintained below 700 
℃ . It is known that the sintering shrinkage of ZnO 
starts at a temperature of approximately 600 ℃43). It 
should be noted that γ-Al2O3 is phase transformed 
to α-Al2O3 with an increase in temperature and grain 
growth. Therefore, the temperature of the γ-Al2O3 
and ZnO particles themselves should be very low, 
but the temperature of the interface between the ZnO 
and γ-Al2O3 should be slightly higher because of the 
shear force.
　The specific surface area was measured by the 
BET method using a surface area analyzer (Quan-
tasorb, Quantachrome Instruments, USA). Table 2 
lists the specific surface area of the ZnO-Al2O3 pow-
der, which was measured using the BET method 
after the mechanical treatment. For reference, the 
specific surface areas of the raw materials (ZnO and 
Al2O3) are also listed in the table. The specific surface 
areas of ZnO and γ-Al2O3 were 4.2 m2/g and 196 m2/
g, respectively. When 3.7 mol% Al2O3-doped ZnO was 
used, the specific surface area was 12.1 m2/g before 
the mechanical treatment and 10.3 m2/g after the me-
chanical treatment. When 1.0 mol% and 0.1 mol% of 

Al2O3 were added, the specific surface area changed 
from 6.7 m2/g to 5.5 m2/g and from 4.6 m2/g to 4.2 
m2/g, respectively. The above decreases in the spe-
cific surface areas were assumed to be because of the 
formation of a bonding area between the ZnO par-
ticles and γ-Al2O3 during the mechanical treatment.
　The specific surface area, S0, before the mechani-
cal treatment was estimated as follows:
　　S0 ＝ Ssubmicron (1－f ) ＋ Snano  f (1)
where f is the weight fraction of the nanoparticle, 
Ssubmicron and Snano are the specific surface areas of the 
submicron-sized particle and nanosized particle, re-
spectively. If a cubic-shaped nanoparticle of a phase 
bonds to the spherical submicron particle, the total 
surface area should be reduced by 2L2. When all of 
the nanoparticles bonded to the submicron particles, 
the decrease in surface area, ΔS, per unit of weight 
was as follows:

　　ΔS＝ 2L2

6L2
Snano f (2)

Fig. 11　 TEM images of 3.7 mol% Al2O3-doped ZnO powder 
mixture (a) prepared by a powder composite 
process, (b) enlarged view of (a), (c) prepared by 
wet ball milling and (d) enlarged view of (c).
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Fig. 12　 XRD profiles of the raw powders and 3.7 mol% 
Al2O3-doped ZnO powder mixtures.

(a)  Powder mixture before a powder composite 
process.

(b)  Powder mixture after a powder composite 
process.

(c) ZnO powder.
(d) γ-Al2O3 powder.
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　　　 ＝ 1
3

Snano f

Hence, the specific surface area after bonding, S, was 
estimated as follows:

　　S = Ssubmicron (1－f ) ＋ 2
3

Snano f

　　= Ssubmicron ＋ （ 2
3

Snano －Ssubmicron）f 
(3)

The values of the specific surface areas after the me-
chanical treatment, as calculated in eq. (3), are also 
listed in Table 3. The calculated values of the specific 
surface areas were in good agreement with the exper-
imental values. Therefore, it was concluded that the 
specific surface area decreased because of the bond-
ing between the ZnO and γ-Al2O3 particles during the 
mechanical treatment and that almost all of the added 
γ -Al2O3 bonded to the ZnO particles. These results 
agreed well with those obtained by the TEM analysis.
　In order to fabricate granules, paraffin (4 mass%, 
melting point: 46─48 ℃, Junsei Chemical Co., Ltd.), 
dioctyl phthalate (DOP, 2 mass%, Wako Pure Chemi-

cal Industries, Ltd.), and cyclohexane (S grade, Wako 
Pure Chemical Industries, Ltd.) were added to these 
mixed powders, after which the powder mixture 
was sieved using a 250-μm-mesh nylon sieve. The 
powder was then molded into cylindrical pellets by 
uniaxial pressing at 50 MPa followed by cold isostatic 
pressing at 200 MPa. After the binder was burned out 
in air at 500 ℃ for 3 h, the green bodies were fired at 
1400 ℃ in air for 2 h.
　We fabricated sintering bodies using the prepared 
composite powder and the powder obtained by the 
wet ball milling of 1.0 mol% Al2O3-doped ZnO. The 
relative densities of the sintering bodies prepared 
from the composite powder and the powder obtained 
by wet ball milling were 98.9% and 99.2%, respectively. 
A phase analysis using X-ray diffraction showed that 
the main phase was ZnO, and the secondary phase 
was ZnAl2O4 (Fig. 13).
　The microstructures of the ZnO ceramics were 
observed using the SEM and TEM. The SEM images 
in Fig. 14 show the thermally etched surfaces of 1.0 
mol% Al2O3-doped ZnO ceramics. The dark particles 
represent ZnO, and the small bright particles repre-
sent ZnAl2O4. It appears that the particle size of the 

Table 3

AfterBefore

196-Al2O3

4.44.24.63.7mol% Al2O3

5.85.56.73.7mol% Al2O3

9.810.312.13.7mol% Al2O3

Powder composite process

4.2ZnO

Estimated valueExperimental value

Specific surface area (m2/g)
Sample

Table 3　 Specific surface area of the raw powders and 
the powder mixtures
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Fig. 13　 XRD profiles of 1.0 mol% Al2O3-doped ZnO 
ceramics. prepared by (a, c) a powder composite 
process and (b, d) wet ball milling.

Fig. 14　 SEM images of 1.0 mol% Al2O3-doped ZnO 
ceramics prepared by (a) a powder composite 
process and (b) wet ball milling.
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ZnO prepared from the wet ball milled powder was 
slightly larger than that of the ZnO prepared from the 
mechanically treated powder. The grain size of the 
powder obtained after the mechanical treatment was 
5.3 μm, whereas that obtained by wet ball milling 
was 5.6 μm. The sintered body fabricated from the 
mechanically treated powder had a slightly smaller 
and more uniform grain size than that fabricated 
from the powder obtained by wet ball milling. Fur-
thermore, the particle size of the secondary ZnAl2O4 
phase in the ZnO ceramics fabricated by the mechani-
cal treatment process appeared to be considerably 
smaller and more uniform than that of the secondary 
ZnAl2O4 phase in the ZnO ceramics fabricated by the 
wet ball milling process. It has been reported that add-
ing Al2O3 to ZnO restricted the densification and grain 
growth of the ZnO44). Therefore, the homogeneous and 
fine microstructure of the ZnO ceramics obtained by 
the mechanical treatment process can be attributed to a 
uniform dispersion of the nanosized γ-Al2O3 particles.
　The electrical conductivity of the 1.0 wt% Al2O3-
doped ZnO ceramics was measured using the four-
terminal method. The electrical conductivities of the 
sintered bodies obtained by wet ball milling and the 
powder composite process were 333 S/cm and 588 
S/cm, respectively. In other words, the electrical 
conductivity of the composite powder obtained by 
the powder composite process was almost twice that 
of the powder obtained by wet ball milling. The high 
electrical conductivity of the Al2O3-doped ZnO was 
attributed to the dissolution of the Al2O3 in the ZnO 
to form electrons as carriers. The grain boundary 
structure and impurity segregation also influenced 
the electrical conductivities of the ZnO ceramics. 
TEM images revealed that there was no difference 
between the sintering bodies obtained by the powder 
composite process and wet ball milling (Fig. 15). 
The solubility limit of Al in ZnO is 0.3 mol%, which 
is smaller than the amount of Al2O3 added. 45). The 
excess amount of Al might be segregated in the grain 
boundary and could be present as a secondary phase 
(ZnAl2O4). However, there were no considerable 

differences in the grain boundaries and secondary 
phases in a comparison of the mechanical treatment 
and ball milling processes, except for the size of the 
secondary phase. This implied that the microstruc-
ture had a small effect on the difference in the elec-
trical conductivity.

4. CNT-Dispersed Al2O3 Ceramics

　Carbon nanotubes have high strength, high elas-
tic modulus, and excellent thermal and electrical 
conductivities, resulting in their use as fillers for 
composites to improve their mechanical, electrical, 
and thermal properties. In our previous research, 
electrically-conductive CNT-dispersed Si3N4 ceramics 
were developed46). In the case of the CNT composite 
process, one of the most important problems to be 
solved is the uniform dispersion of CNTs. Here, we 
tried to prepare a powder mixture of CNTs and Al2O3 
using the powder composite process and then fabri-
cate CNT-dispersed Al2O3 ceramics using the nano-
composite particles.
　The raw materials were multiwall carbon nano-
tubes and an alumina powder (Taimei Chemical, 
TM-DAR, 0.2μm). 2 wt% (4 vol%) of the carbon 
nanotubes were mixed with alumina using a powder 
composer (Nobiruta, Hosokawa Micron Co., Japan). 
Fig. 16 (a) shows the CNT-Al2O3 powder mixture 
prepared by the powder composite process. It was 
found that granules composed of CNTs and Al2O3 
particles were formed, and there were no agglomer-

Fig. 15　 TEM images of 1.0mol% Al2O3-doped ZnO 
ceramics prepared by (a) a powder composite 
process and (b) wet ball milling.

Fig. 16　 TSEM images of powder mixture of CNTs and 
Al2O3 using a powder mixture prepared by a 
powder composite process.

(a) As-recieved powder.
(b) After ultrasonification in ethanol.
(c) and (d) Enlarged view of (b)

Fig. 15
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ates of CNTs. Figs. 16 (b) and (c) are SEM photo-
graphs of the powder mixture shown in Fig. 16 (a) 
after ultrasonification. The granules were easily pul-
verized by ultrasonic irradiation, and the CNTs were 
homogeneously dispersed in the Al2O3 powder. This 
indicated that the CNTs and Al2O3 were uniformly 
mixed by the particle composite process. Fig. 16 
(d) is an enlarged view of the CNT-Al2O3 powder mix-
ture. Fine Al2O3 particles were fixed on the CNTs. 
This phenomenon is similar to that seen with the 
SiO2 nanoparticle-SiO2 fiber prepared by a powder 
composite process, as reported by Naito et al.9)

　The powder mixture was fired at 1750℃ for 1 h in 
an Ar atmosphere using a hot pressing technique. 
The applied pressure was 30 MPa. A 20×20×5 
mm ceramic plate was obtained. After cutting the 
sample into 3×4×20 mm pieces, the relative density, 
bending strength, and electrical conductivity were 
evaluated. The microstructure was obser ved by 
SEM. Fig. 17 shows the microstructure of the CNT-
Al2O3 composite fabricated by hot pressing. There 
were no large pores in the sintered body in spite of 
the inhibition of the densification by the CNTs. The 
bulk density of this sample was 3.82 g/cm3, and the 
relative density was 92%. The grain size of the Al2O3 
in this composite was about 2μm, which is much 
smaller than that of pure Al2O3 ceramics hot-pressed 
under the same conditions (Fig. 17 (b)). The inhibi-

tion of grain growth resulted in the lowering of grain 
boundary migration because of the dispersed CNTs. 
In the enlarged photograph (Fig. 17 (c)), many pro-
jecting CNTs and small holes can be observed in the 
sintered body. These is evidence of the bridging or 
pullout of CNTs, which is similar to fiber reinforced 
ceramics.
　The bending strength and electrical conductivity 
of the CNT-Al2O3 composites using nanocomposite 
particles are listed in Table 3. The bending strength 
of the CNT-Al2O3 composites was 423 MPa, which is 
higher than that of pure Al2O3 ceramics sintered by 
hot-pressing at the same temperature. This strength-
ening should be caused by the limitation of the grain 
growth and the reinforcement by the bridging and 
pullout of CNTs. The electrical conductivity of the 
developed CNT-Al2O3 composites was 448 S/m. 
This value was almost the same as the 12 wt% CNT-
dispersed Si3N4 ceramics43). The achievement of such 
a high electrical conductivity by the addition of only 
2 wt% CNTs is attributed to the homogeneous disper-
sion of the CNTs by the powder composite process, 
which formed numerous electrically conductive 
paths in the ceramics. Consequently, CNT-dispersed 
Al2O3 ceramics with high strength and high electrical 
conductivity were developed using nanocomposite 
particles prepared by the powder composite process.

5. Conclusions

　A particle composite process was applied to devel-
op several kinds of advanced ceramics. TiO2 nanopar-
ticles and Si3N4 particles were mixed using this pow-
der composite process to disperse TiN nanoparticles 
in Si3N4 ceramics, which are expected to be used as 
novel materials for next-generation hybrid ceramic 
bearings. TEM observations showed that the TiO2 
nanoparticles were directly bonded to submicron 
Si3N4 particles. Si3N4 ceramics in which TiN nanopar-

Fig. 17　 SEM images of fracture surfaces of (a) CNT-
dispersed Al2O3 ceramics fired at 1700℃ 
by hot pressing (b) Al2O3 ceramics without 
CNTs fired at 1700℃ by hot pressing and (c) 
enlarged view of (a).

Fig. 17
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Table 4

448 S/m
(=0.22 cm)

Electrical conductivity 
DC 4 terminal method

423 MPa
Bending strength 

3-point bending test

97.8Relative density

3.82 gcm-3Bulk density

2wt%CNT content

Table 4　 Density, bending strength and electrical con-
ductivity of CNT-dispersed Al2O3 ceramics
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ticles were uniformly dispersed were fabricated us-
ing the composite particles. The amount of damage 
caused by the Si3N4 ceramics with TiN nanoparticles 
to the mating metals in a ball-on-disk test was com-
parable to the damage caused by the Si3N4 ceramics 
without TiN particles. Nanocomposite particles of 
Al2O3-doped ZnO prepared by the powder composite 
process were also used to fabricate ZnO ceramics. 
TEM observations revealed that Al2O3 nanoparticles 
were uniformly present on ZnO particles. The sinter-
ing body fabricated using the composite powder pre-
pared by this powder composite process had more 
uniform and finer microstructures than that fabri-
cated using the powder mixture prepared by conven-
tional wet mixing. The ZnO ceramics prepared by the 
powder composite process exhibited higher electrical 
conductivity than those prepared by the conventional 
wet ball milling process. CNT-dispersed Al2O3 ceram-
ics were fabricated using a powder mixture of CNTs 
and a fine Al2O3 powder prepared by the powder 
composite process. It was shown that the CNTs were 
uniformly dispersed in the developed CNT-dispersed 
Al2O3 ceramics, and they had a high electrical con-
ductivity and strength.

References

1) Naito, M., Kondo, A. and Yokoyama, T. (1993): Appli-
cations of Comminution Techniques for the Surface 
Modification of Powder Materials, ISIJ International, 
No. 33, pp. 915?924.

2) Hosokawa, M., Nogi, K., Naito, M. and Yokoyama, T. 
(2007): “Nanoparticle Technology Handbook,” Else-
vier, Oxford, UK.

3) Naito, M., Hotta, T., Asahi, S. and Tanimoto, T. (1998): 
Deposition of Fine Particles on Surface of Core Par-
ticles by High-Speed Elliptical Rotor-Type Mixer, 
Kagaku Kogaku Ronbunshu, No. 24, pp. 52-56.

4) Naito, M., Hotta, T., Asahi, S., Tanimoto, T. and Endoh, 
S. (1998): Effect of Processing Conditions on Particle 
Composite Process by a High-Speed Elliptical-Rotor-
Type Mixer, Kagaku Kogaku Ronbunshu, No. 24, pp. 
99-103.

5) Naito, M., Hotta, T., Tanimoto, T., Endoh, S. and Nogi, 
K. (2000): Effect of Fine Particle Size on Particle Com-
posite Process by a High-Speed Elliptical-Rotor-Type 
Mixer, Kagaku Kogaku Ronbunshu, No. 26, pp. 62-67.

6) Hotta, T., Naito, M. Szeplvolgyi, J., Endoh, S. and 
Nogi, K. (2001): Effect of Rotor Shape on Particle 
Composite Process by a High-Speed Elliptical-Rotor-
Type Mixer, Kagaku Kogaku Ronbunshu, No. 27, pp. 
141-143.

7) Nogi, K., Naito, M., Kondo, A., Nakahira, A., Niihara 
K. and Yokoyama T. (1996): New Method for Elucida-
tion of Temperature at the Interface Between Particles 

under Mechanical Stirring, J. Japan Soc. of Powder 
and Powder Metallurgy, No. 43, pp. 396-401.

8) Fukui, T., Murata, K., Ohara, S., Abe, H., Naito, M. and 
Nogi, K. (2004): Morphology control of Ni?YSZ cer-
met anode for lower temperature operation of SOFCs, 
J. Powder Sources, No. 125, pp. 17-21.

9) Naito, M. Abe, H., Kondo, A., Yokoyama T. and Huang, 
C. C. (2009): Smart Powder Processing for Advanced 
Materials, Kona Powder and Particle Journal No.27, 
pp. 130-143.

10) Abe, H., Abe, I., Sato, K. and Naito, M. (2005): Dry 
Powder Processing of Fibrous Fumed Silica Com-
pacts for Thermal Insulation, J. Am. Ceram. Soc., 88, 
pp.1359-1361.

11) Sato, K., Chaichanawong, J., Abe, H. and Naito, M. 
(2006): Mechanochemical synthesis of LaMnO3 fine 
powder assisted with water vapor, Material Letters, 60, 
pp.1399-1402.

12) Tatami, J., Kodama, E., Watanabe, H., Nakano, H., 
Wakihara, T., Komeya, K., Meguro, T. and Azushima, 
A. (2008): Fabrication and wear properties of TiN 
nanoparticle-dispersed Si3N4 ceramics, J. Ceram. Soc. 
Japan, No. 116, pp.749-754.

13) Tasaki, S., Tatami, J., Nakano, H., Wakihara, T., 
Komeya, K. and Meguro, T. (2010): Fabrication of 
ZnO ceramics using ZnO/Al2O3 nanocomposite par-
ticles prepared by mechanical treatment, J. Ceram. 
Soc. Japan, No. 118, pp. 118-121.

14) Hiratsuka, D., Junichi T., Wakihara, T., Katsutoshi, K. 
and Meguro, T. (2009): Fabrication of AlN ceramics 
using AlN and nano-Y2O3 composite particles prepared 
by mechanical treatment, Key Engineering Materials, 
No. 403, pp. 245-248

15) Kodama, E., Tatami, J., Wakihara, T., Meguro, T., 
Komeya, K. and Nakano, H. (2009): Fabrication and 
mechanical properties of TiN nanoparticle-dispersed 
Si3N4 ceramics from Si3N4-nano TiO2 composite 
particles obtained by mechanical treatment, Key Engi-
neering Materials, No. 403, pp. 221-224.

16) Oyama, Y. and Kamigaito, S. (1971): Solid Solubility of 
Some Oxides in Si3N4, Jpn. J. Appl. Phys., No. 10, pp. 
1637.

17) Jack, K. H. and Wilson, W. I. (1972): Ceramics Based 
on the Si-Al-O-N and Related Systems, Nature Physics 
Science. No. 238, pp. 28-29.

18) Tsuge, A., Nishida, K. and Komatsu, M. (1975): Effect 
of Crystallizing the Grain-Boundary Glass Phase on 
the High Temperature Strength of Hot-Pressed Si3N4, 
J. Am. Ceram. Soc., No. 58, pp. 323-326.

19) Komeya, K. (1984): Development of Nitrogen Ceram-
ics, Am. Ceram. Soc., Bull., No. 63, pp. 1158-1159.

20) Yamada, T. and Kotoku, Y. (1989): Jpn. Chem. Ind. As-
soc. Mon., No. 42, pp. 8.

21) Mitomo, M. (1976): Pressure Sintering of Si3N4, J. 
Mater. Sci., No. 11, pp. 1103-1107.

22) Kawamura, H. and Yamamoto, S. (1983): Improvement 
of Diesel Engine Startability by Ceramic Glow Plug 
Start System, SAE Paper, No. 830580.



KONA Powder and Particle Journal No.28 (2010) 239

23) Kamiya, S., Murachi, M., Kawamoto, H., Kato, S., 
Kawakami, S. and Suzuki, Y. (1985): Silicon Nitride 
Swirl Chambers for High Power Charged Diesel En-
gines, SAE, No. 850523.

24) Hattori, H., Tajima, Y., Yabuta, K., Matsuo, Y., 
Kawamura, M. and Watanabe, T. (1986): Gas Pressure 
Sintered Silicon Nitride Ceramics for Turbocharger 
Application, Proc. 2nd International Symposium bon 
Ceramic Materials and Components for Engines, pp. 
165 (1986).

25) Komeya, K. and Kotani, H. (1986): Development of 
Ceramic Antifriction Bearing, JSAE Rev., No. 7, pp. 72-
79.

26) Takebayashi, H., Tanimoto, K. and Hattori, T. (1998): 
Per formance of Hybrid Ceramic Bearing at High 
Speed Condition (Part 1), J. Gas Turbine Soc. Japan, 
No. 26, pp. 55-60.

27) Takebayashi, H., Tanimoto, K. and Hattori, T. (1998): 
Per formance of Hybrid Ceramic Bearing at High 
Speed Condition (Prat 2), J. Gas Turbine Soc. Japan, 
No. 26, pp. 61-66.

28) Tatami, J., Toyama, M., Noguchi, K., Komeya, K., Me-
guro, T. and Komatsu, M. (2003): Effect of TiO2 and 
AlN Additions on the Sintering Behavior of the Si3N4-
Y2O3-Al2O3 System, Ceramic Transactions, No. 247, 
pp. 83-86.

29) Yano, T., Tatami, J., Komeya, K. and Meguro T. (2001): 
Microstructural Observation of Silicon Nitride Ceram-
ics Sintered with Addition of Titania, J. Ceram. Soc. 
Japan, No. 109, pp. 396-400.

30) Tatami, J., Chen, I. W., Yamamoto, Y., Komastu, M., 
Komeya, K., Kim, D. K., Wakihara, T., Meguro, T. 
(2006): Fracture Resistance and Contact Damage of 
TiN Particle Reinforced Si3N4 Ceramics, J. Ceram. 
Soc. Japan, No. 114, pp. 1049-1053.

31) Adachi, K., Kato, K. and Chen, N. (1997): Wear Map of 
Ceramics, Wear, No. 203, pp. 291-301.

32) Zheng, S., Gao, L., Watanabe, H., Tatami, J., Wakihara, 
T., Komeya, K. and Meguro, T. (2007): Improving the 
Microstructure of Si3N4-TiN Composites Using Vari-
ous PEIs to Disperse Raw TiO2 Powder, Ceramics 
International, No. 33, pp. 355-359.

33) Gahlin, R. and Jacobson, S. (1999): The particle size 
effect in abrasion studied by controlled abrasive sur-
faces, Wear, No. 224, pp. 118-125.

34) Ogasawara, T., Tanaka, R., Sugawara, K. and Suga-
wara, T. (2000): Effect of the Additives on the Nonlin-

ear Coefficient of ZnO Varistor, J. Ceram. Soc. Japan, 
No. 108, pp. 565-570.

35) Xu, J., Pan, Q., Shun, Y. and Tian, Z. (2000): Sens. Ac-
tuators B, 66, 277-279 (2000).

36) Ohtaki, M., Tsubota, T., Eguchi, K. and Arai, H. 
(1996): High-temperature thermoelectric properties of 
(Zn1-xAlx)O, J. Appl. Phys., No.79, pp. 1816-1818.

37) Nakamura, M., Ikuta, K., Aoki, T., Suzuki, A., Matsu-
shita, T. and Okuda, M. (2008): Ultra Thin Al-doped 
Transparent Conducting Zinc Oxide Films Fabricated 
by Pulsed Laser Deposition Method, J. Vac. Soc. Jpn., 
No. 51 pp. 323-325.

38) Tsukazaki, A., Kubota, M., Ohtomo, A., Onuma, T., 
Ohtani, K., Ohno, H., Chichibu, S. F. and Kawasaki, 
M. (2005): Blue Light-Emitting Diode Based on ZnO, 
Jpn. J. Appl. Phys., No. 44, pp. L643-L645.

39) Matsuoka, M. (1971): Nonohmic Properties of Zinc 
Oxide Ceramics, Jpn. J. Appl. Phys., No. 10, pp.736-
746.

40) Mukae K., Tsuda K. and Nagasawa I. (1977): Nono-
hmic properties of ZnO-rare earth metal oxide-Co3O4 
ceramics, Jpn J. Appl. Phys., No. 16, pp.1361-1368.

41) Tanaka, M., Tsubone, T. and Yanagida, H. (1974): 
Electrical Conductivity of Sintered Bodies of ZnO 
Doped with Al2O3, Yogyo Kyokaishi, No. 82, pp. 271-
277.

42) Kaga, H., Kinemuchi, Y., Yilmaz, H., Watari, K., Na-
kano, H., Nakano, H., Tanaka, S., Makiya, A., Kato, Z. 
and Uematsu, K. (2007): Orientation dependence of 
transport property and microstructural characteriza-
tion of Al-doped ZnO ceramics, Acta Mater., No. 55, 
pp. 4753-4757.

43) Ewsuk, K. G., Ellerby, D. T. and DiAntonio, C. B. 
(2006): Analysis of Nanocrystalline and Microcrystal-
line ZnO Sintering Using Master Sintering Curves, J. 
Am. Ceram. Soc., No. 89, pp. 2003-2009.

44) Han, J., Mantas, P. Q. and Senos, A. M. R. (2001): Den-
sification and Grain Growth of Al-doped ZnO, J. Mater. 
Res., No. 16, pp. 459-468.

45) Shirouzu, K., Ohkusa, T., Hotta, M., Enomoto, N. and 
Hojo, J. (2007): Distribution and Solubility Limit of Al 
in Al2O3-Doped ZnO Sintered Body, J. Ceram. Soc. Ja-
pan, No. 115, pp. 254-258.

46) Tatami, J., Katashima, T., Komeya, K., Meguro, T., 
Wakihara, T. (2005): Electrically Conductive CNT-
Dispersed Silicon Nitride Ceramics, J. Am. Ceram. 
Soc., No. 88, pp. 2899-2893.



KONA Powder and Particle Journal No.28 (2010)240

Author’s short biography

Junichi Tatami

Dr. Junichi Tatami received B.S., M.S., and Ph.D. degrees in inorganic materials 
from Tokyo Institute of Technology , Japan in 1992, 1994 and 1997, respectively. He 
was a research fellow of Japan Society for Promotion of Science in Tokyo Institute 
of Technology in 1997. He joined Yokohama National University as a research as-
sociate in 1997. He was promoted to be an associate professor in 2002. His current 
interest is the development of high performance and more reliable fine ceramics 
by advanced powder processing.

Hiromi Nakano

Dr. Hiromi Nakano received B.S., M.S., and Dr. (Eng.) from Toyohashi Univer-
sity of Technology, Japan in 1981, 1983 and 2000, respectively. She joined Murata 
Manufacturing Co., Ltd. in 1983. She transferred to Ryukoku University in 1989. 
She transferred to Toyohashi University of Technology as an associate professor in 
2009. Her current interest is characterization of the materials using a transmission 
electron microscope to control of the material properties and the design of new ma-
terials.

Toru Wakihara

Dr Toru Wakihara received his Engineering degree from the University of Tokyo, 
School of Engineering in 1999. He completed his Graduate thesis in 2001 in the De-
partment of Chemical System Engineering, Graduate School of Engineering, Uni-
versity of Tokyo. He completed his doctoral thesis in the same department in 2004. 
In 2004, Dr Wakihara took up a post as Research Associate in the Graduate School 
of Environment and Information Sciences at Yokohama National University where 
the main topics of his research were on Nitride, Oxynitride, Carbide and Ceramic 
Processing and also zeolites. In 2007, he was appointed as Assistant Professor at 
Yokohama National University.

Katsutoshi Komeya

Dr. Katsutoshi Komeya received B.S. degree in electrochemistry from Yokohama 
National University(YNU), Japan in 1962, and Ph.D. degree in inorganic materials 
from Tokyo Institute of Technology, Japan in 1977. After he spent in Toshiba R & 
D Center, Japan, for 27 years, he moved to YNU. He was promoted to be an associ-
ate professor in 2002, a professor in 1992 and an emeritus professor in 2004. His 
current interest is the high performance non-oxide ceramics, especially Si3N4 and 
AlN. After retirement of YNU in 2004, he is continuing to study the above nitrides 
in YNU. He is a fellow of American Ceramic Society.



KONA Powder and Particle Journal No.28 (2010) 241

Information Articles

The 44th Symposium on Powder Technology

　The 44th Symposium on Powder Technology was 
held on September 6th, 2010 at Tokyo Garden Palace 
Hotel under the sponsorship of the Hosokawa Powder 
Technology Foundation and with the suppor t of 
Hosokawa Micron Corporation. The symposium was 

very successful as usual with the attendance of 134 
including 23 academic people. The symposium subject 
was “New Materials Produced by Nanopar ticle 
Handling Technology”.

 

 

 Opening Address Prof. Hiroaki Masuda
(Kyoto Univ.)

Session 1  Chairperson: Prof. Jusuke Hidaka (Doshisha Univ.)
 Fabrication of Highly  Structural Controlled Ce-
ramics by Advanced Colloidal Processing
 Development of nano-particle composite tech-
nique for low Pt-loading PEFCs

Yoshio Sakka
(National Institute for Materials Science)
Hirokazu Munakata
(Tokyo Metropolitan University)

Session 2  Chairperson: Prof. Ko Higashitani (Kyoto Univ.)
 Viscoelastic designs of Nanoparticle dispersion 
and their applications for functional fluids
 The effect of slurry control on structure and char-
acteristic of electronic ceramics

Hiroya Abe, Akira Kondo, Shinya Yamanaka, Makio 
Naito (Osaka University)
Ichiro Nakamura
 (Murata Manufacturing Co.,Ltd.)

Session 3  Chairperson: Prof. Makio Naito (Osaka Univ.)
 Development of high performance materials for 
cosmetics with nano-structure control technol-
ogy
 Development of dispersion and compounding 
processes of nanoparticles and their applications 
to advanced fire-fighter uniform
 Closing Address

Koji Mine
(Kao Corporation)

Toyokazu Yokoyama
(Hosokawa Micron Corp.)

Yoshio Hosokawa 
(Hosokawa Micron Corporation)
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