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Control of particle size and morphology has increasingly captured the attention of researchers for dec-
ades. The exploration of unique sizes and shapes as they relate to various properties has become a great
quest for large field applications. To meet these demands, this review covers recent developments in par-
ticle processing. An aerosol-assisted self-assembly technique, with a spray-drying method as a represen-
tative of it, to create particles is thoroughly reviewed. Its popularity and its broad use in industry for
producing particles are the main reason of this review; thus, elucidation of this method is important
for the improvement of particle technology. A practical spray-drying method is described from the
step-by-step process to the selection of apparatus types (merits and demerits). Elaboration of particle
processing of several morphologies (sphere, doughnut, encapsulated, porous, hollow, and hairy) is dis-
cussed in terms of the selection of material types, the addition of supporting materials, and the change
of process conditions. Controllable size is also discussed in terms of the adjustment of the droplet size,
initial precursor concentration, and the addition of specific techniques. A comparison between a theoret-
ical mechanism and current experimental results (over a 15-year period) are shown to clarify how par-
ticles with various sizes and morphologies are designed. This method must be considered an art rather
than a science because of its advantages in creating wonderful and unique particle shapes. The perfor-
mance of various particle morphologies is also demonstrated, which is essential for an understanding
of the importance that shape can exert on practical use. Because the method outlined here can be broadly
applied to the production of various types of functional materials, we believe that this report contributes
new information to the field of chemical, material, environmental, and medical engineering.
� 2010 The Society of Powder Technology Japan. Published by Elsevier B.V. and The Society of Powder

Technology Japan. All rights reserved.
1. Introduction

Recently, control of particle morphology has received a tremen-
dous amount of attention [1]. The change of shapes has caused
unprecedented chemical and physical properties that differ mark-
edly from those of bulk or dense material [2]. Great potential for
use in various applications could be achieved with morphological
control: electronics, catalysts, drug carriers, sensors, pigments,
and magnetic and optical materials, etc., [3].

Effective strategies to tailor nanomaterials reliably and predict-
ably are important [4]. Interest in them has increased in the past
decade, especially when there is a need to control for different
characteristics, such as size distribution, crystallinity, composition,
and purity. Efforts toward the functionalization, formulation, and
production of morphology have focused on making them applica-
ble in industry. Many alternative methods have been proposed to
realize production of particles with a controllable morphology:
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mechanical milling, precipitation, lyophilization, freeze-drying,
spray-drying, pyrolysis, supercritical fluid, emulsion-based meth-
ods, and a simple combination of chemical-process synthesis.
Achievement from the current suggested processes for the use in
practical applications has been reported. Controllable particle size
within the desired range is also possible under specific conditions.
However, exceptions and significant difficulties associated with
the above methods remain: (i) particle size distribution; (ii) inad-
equate powder dispersibility; (iii) insufficient process control;
(iv) contamination; (v) high-cost processing; (vi) excessive heat
production problems; (vii) complexity of the processes; (viii) loss
of chemical activity; (ix) yield of the products; and, (x) scaling-
up the process [5].

Among the above processes, an aerosol-assisted self-assembly
technique has been the most promising [6]. When the principles
of this technique are combined with a drying process, an effective
method can be created – namely, the aerosol-assisted spray
method [6]. This method efficiently produces dry powder from
either a liquid or a slurry [2]. The advantages of this method are
prospective for many applications. A very versatile process that is
ed by Elsevier B.V. and The Society of Powder Technology Japan. All rights reserved.
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Nomenclature

Alphabetical symbol
a power constants of precursor density
b power constants of precursor surface tension
c power constants of precursor viscosity
Ci concentration of component i (g/L)
Cm desired concentration of the main component in the

dried particles
C0 initial precursor concentration
dp size of component
dp1 size of component 1
dp2 size of component 2
D diffusion quantity
Dc diffusion coefficient of component (m2/s)
Dd droplet diameter (lm)
Dp volume mean diameter of the final particle (lm)
k diffusion correction factor
K1 antoine constants
K2 antoine constants
K3 antoine constants.
KB Boltzmann’s constant (=1.38 � 1023 J/K)
Kf excitation equipment constants (i.e. centrifugal force,

frequency, pressure, and carrier gas velocity; which de-
pends on the type of atomizer)

m antoine constants
Mi molecular weight of component i

n power constant of volumetric flow rate
Pe dimensionless Péclet number (�)
Q precursor volumetric flow rate (mL/min)
Rc component size (m)
s particle porosity
t minimum residence time (s)
T temperature (K)
Tb boiling temperature (K)
TG minimum temperature process (K)
Twb wet bulb temperature (K)

Greek symbol
e porosity of the particle
j evaporation rate
q liquid density (kg/m3)
qapp densed particle density
qi density of component i (kg/m3)
qp particle density
sD maximum droplet drying time
r surface tension
lc viscosity of the solvent (kg/m s)
l liquid dynamic viscosity (cP)
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compatible with various materials is the main promising merits.
Particles with a high-purity product can be produced simply using
an economical, a continuous way [7], and a rapid process [8]. Fur-
thermore, this method produces particles with a spherical shape
that are agglomeration-free and have a relatively monodispersed
size, which is very useful for material processing.

The spray method is well-trusted in practical uses, which has
been confirmed by its use in the manufacturing of dried food, fer-
tilizers, oxide ceramics, and pharmaceuticals. A magnificent num-
ber of the uses of spray method have been reported, in which more
than 15,000 industrial-size spray dryers are currently in operation.
This number would approximately double if the use in pilot plants
and laboratories was added to the calculation [9].

Several developments of the spray method have been reported
with no limitations to a particular type of process: spray-pyrolysis,
spray-drying, flame-spray, low-pressure, and electro-spray [3]. The
principle for all these processes is almost the same. A starting solu-
tion is prepared usually by dissolving the metal component of an
intended product in a solvent. The droplets, which are atomized
from the starting solution, are introduced to the solvent evapora-
tor. Evaporation of the solvent, diffusion of solute, drying, and pre-
cipitation may occur inside the furnace to form the final product.
The reaction among reactants, and sometimes with surrounding
gas, is dependent on the type of the initial solution [10].

Here, at this juncture, we presented a review of all recent devel-
opments in particle processing using aerosol-assisted self-
assembly technique. We focus only on the spray-drying method
as representative of this technique to fabricate particles with a
controllable size and morphology (Fig. 1). In addition, while our
research group has had a considerable amount of success in
research on this topic [10], we will not limit our review to work
from own group; rather, our review will be highly comprehensive.

The spray-drying method is similar to other types of spray (e.g.
spray pyrolysis, spray freeze drying, etc.), except for the type of
precursor (usually colloidal particles or sols) and the fact that there
is almost no available reaction during the drying process. The
ability to produce uniformly spherical particles from nano to
micron sizes is one of the main advantages of this method. Other
merit gained from this method is that when the suspension
consists of colloidal nanoparticles (primary particles), the result-
ing particles are comprised of nanoparticles that form a nano-
structured powder. Therefore, the spray-drying method may be
suitable for consolidating nanoparticles into macroscopic com-
pacts, and submicron spherical powders that have nanometer-
scaled properties can be obtained. A suitable process can be ad-
justed using this method, in which a striking feature of the initial
raw material (e.g. initial particle size, type of material, physical
and chemical properties, and surface charge) and process condi-
tions play an important role in producing various product shapes
[11]. Although the current spray-drying method is known to create
particles by managing several parameters, no comprehensive
report has described and reviewed all processes used to prepare
particles with specific morphologies. In fact, due to this excellent
prospect, in order to construct and design particles with a control-
lable morphology, it is important to understand the mechanisms
and the regulations of the initial raw material and process-
condition parameters when using the spray-drying method.

An overview of the current research on particle processing with
its ability to control size and morphology to suit certain applica-
tions is described in this paper, which is believed to be the first de-
tailed review of particle design (control of size and morphology).
The main text comprises five sections, with the last being a sum-
mary. Section 2 provides a definition of the spray-drying method
for the production of particles. Section 3 discusses the techniques
for controlling particle morphologies. The manipulation of factors
(i.e. process conditions and addition of supporting components)
to realize particles of varying morphologies is thoroughly ex-
plained. The support of current results (described in the nanopar-
ticle analysis (i.e. an X-ray diffraction (XRD), a scanning electron
microscope (SEM), and a transmission electron microscope
(TEM))) are also added to confirm the effectiveness of the above
factors in producing particles with specific shapes. Theoretical



Fig. 1. Various particle morphologies prepared using the spray-drying method. Images were adapted and reprinted with permission from Refs. [29–32,36,43, and 45].
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explanation, as well as mechanism illustration, is also described in
this section to support and clarify the design of particles with var-
ious sizes and morphologies. Section 4 shows the effectiveness of
various particle morphologies in several applications, which is
important for understanding the significance of the effects of par-
ticle size and shape.
2. A spray-drying method: technical considerations for particle
production

A representative of the spray-drying method is illustrated in
Fig. 2. The main principle of this method is to deliver and rapidly
heat an initial solution/slurry via the direct injection of very small
droplets (Fig. 2a). The primary steps include atomization, droplet-
to-particle conversion (solvent evaporation), and particle collec-
tion [3]. Details of the illustration apparatus of the spray-drying
method, including atomizer, solvent evaporator, and particle col-
lector types, are shown in Fig. 2b–d, respectively.
2.1. Atomization

Atomization is a key parameter in determining particle size. In
this step, the initial liquid/slurry, namely a precursor, is fed into
specific atomization equipment for conversion to droplet form.
Accomplishment of this droplet formation task requires a specific
technique. In the traditional method, aerosol generation via tem-
perature-assisted evaporation processing is typically used. The
principle of this method is to produce droplet by vaporizing the
precursor at a specific temperature (above the precursor tempera-
ture-evaporation level) [12]. Single and homogenous droplets can
be produced using this method, but the cost of processing presents
a problem. To address this shortcoming, the use of a specific driv-
ing force can be used as a substitution technique of traditional
method. Several types of driving force can be employed to assist
atomization process: pressure, centrifugal, electrostatic, and ultra-
sonic energy, which are selected depending on the required droplet
size [13]. These driving forces can be installed in the spray method
as an atomizer. In addition, several atomizers are available, such as
a rotary disk, a two-fluid nozzle, and an ultrasonic nebulizer, which
can produce droplets with a size of larger than 200; 10–1000; and,
1–10 lm, respectively [3].

In addition to the selection of an atomizer configuration, in or-
der to control the size of droplets, the nature of the properties of
the atomizing precursor (e.g., surface tension (r), viscosity (l),
density (q), etc.) should be considered [14]. Control of droplet
diameter (Dd), based on atomizer types and component properties,
has been studied by many research groups. Empirical equation of
control Dd can be expressed by the following equation [15]:

Dd ¼ Kf � Qn½qa � rb � lc� ð1Þ

where Kf, Q, and n are the excitation equipment constants (i.e. cen-
trifugal force, frequency, pressure, and carrier gas velocity; which



Fig. 2. Schematic illustration of nano-structured particle production using the spray-drying method and its apparatus: (a) mechanism; (b) atomizer; (c) solvent evaporator;
and (d) particle collector.
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Table 1
Power constants of some empirical atomizer models.

Atomizer types Refs. Power parameters

n a b c

Air-shear nozzles Lorenzetto and Lefebvre [82] �1.93 �0.37 0.33 –
Jasuja [83] 0.80 �0.40 0.45 0.80
Hewitt [14] 0.10 – 2.40 �0.59

Spinning discs Walton and Prewitt [84] 0.50 – 1.00 0.50
Oyama et al. [85] 0.50 0.30 0.30 0.30
Fraser et al. [86] 0.40 �0.30 0.30 0.10
Ryley [87] 0.66 0.41 �0.88 �1.01
Dombrowski and Lloyd [88] 1.55 0.93 1.22 0.22
Kayano and Kamiya [89] 1.01 0.19 0.95 1.34
Tanasawa et al. [90]. 0.60 0.34 1.00 0.50
Frost [91] 1.24 0.80 0.95 0.82
Sanderson [14]* 0.33 0.15 0.15 0.15
Kinnersley [14]* 0.88 0.72 0.72 0.72
Hewitt [14] 0.20 – – –

Rotary cage atomizers Parkin and Siddiqui [92] 0.85 0.68 0.68 0.68
Hewitt (N < 5500) [14] 0.12 – – –
Hewitt (N > 5500) [14] 0.03 – 1.62 0.26

Ultrasonic nebulizer Lang [93] – �0.67 0.33
Mochida [94] 0.14 �0.35 0.35 0.30
Rajian and Pandit [95] 0.21 �0.27 0.11 0.17

Note: *value was a re-calculation from Hewitt et al. [14].
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depends on the type of atomizer) [14], the precursor volumetric
flow rate, and the power constant of volumetric flow rate, respec-
tively. The symbols a, b, and c are, respectively, the power constants
of precursor properties: the density, the surface tension, and the
viscosity.

The power constants for the empirical atomization model are
shown in Table 1. This table implies that generally, the droplet size
generated from the atomizer is mostly proportional to the liquid
flow rate, the surface tension, the density, and the viscosity of
the precursor [15].

2.2. Droplet-to-particle conversion

Beside the atomization, the droplet-to-particle conversion can-
not be neglected. This step is crucial for the removal of solvent
from the generated droplets (produced by atomizer) and the trans-
formation into particles. Principally, the droplets that are gener-
ated from the atomizer enter the droplet-to-particle conversion
chamber via the flow of carrier gas. The aerosol droplets undergo
evaporation and solute condensation within the droplet. This step
results in the solvent removal, while the desired components re-
main in the final product (dried particles) [8]. Formation of parti-
cles with micro-porous structures (following a sintering process)
occurs [16], resulting in the creation of compacted components.
The carrier gas used to transport aerosol droplets into this chamber
generally will be either air, inert gas (e.g. nitrogen, argon), hot gas,
or steam, depending on the chemical component types [3].

One of three configurations of the droplet-to-particle conver-
sion process can be selected: (i) solvent evaporation via heat treat-
ment using a heated carrier gas [5], (ii) solvent evaporation via
heat treatment using a hot furnace or a reactor [17], and (iii) sol-
vent evaporation via a solvent-diffusion process using a diffusion
drier [7]. The selection of the configuration depends on the compo-
nent properties (e.g., bioactivity and thermal decomposition) [18].
In addition, among these types of droplet-to-particle conversion
processes, the heat treatment is typically used as the solvent re-
moval procedure.

A key to successful droplet-to-particle conversion using the
heat treatment is optimizing the process conditions. This optimiza-
tion can be achieved by managing the geometry of the chamber,
the carrier gas flow rate, the pressure, and the temperature process
[3]. To achieve this key point, principle of heat and mass transport
phenomena must be understood. The heating process must be con-
trolled at a specific temperature to make sure that the solvent is re-
moved completely from the droplet. The minimum temperature
process (TG) can be empirically approximated using a simple An-
toine equation [19]:

Twb ¼ K1
Tb

K2

� �m

logðTGÞ þ K3 ð2Þ

where Twb and Tb are the wet bulb and the boiling temperature,
respectively. The symbols K1, K2, K3, and m are the Antoine
constants.

The characteristic temperature given above is useful for the
droplet-to-particle formation step. Selection of temperature can
be estimated using the above equation to make a complete solvent
evaporation. However, the optimization of the process depends not
only on temperature. Calculation of residence time is also required
to ensure the process has sufficient drying time [8]. The minimum
residence time (t) can be calculated using a simple mass balance in
the spraying process [20]:

Cm ¼ C0 1� t
sD

� ��3
2

ð3Þ

where Cm, C0, and sD are the desired concentration of the main com-
ponent in the dried particles, the initial precursor concentration,
and the maximum droplet drying time, respectively. The Cm is the
final concentration of the required product after the spray-drying
process. This concentration is relevant to the concentration of sol-
vent remaining in the final product. The sD is also crucial for an esti-
mation of the best drying time. This value can be estimated using
the initial droplet diameter (Dd) and the evaporation rate (j)
[21,22]:

sD ¼ D2
d=j ð4Þ

The prediction of j must be integrated numerically to gain the
exact number [23]. Typically, to simplify the calculation of this va-
lue, a dimensionless Péclet number (Pe) can be used [20] that is rel-
evant to the physical properties and the diffusion quantity (D) of
the droplet components:

Pe ¼
j

8D
ð5Þ



Table 2
Practical use of particle collector [24,25].

Collector type Efficient size of particles be captured
(lm)

Collection efficiency
(%)

Cost

Equipment Processing

Gravity settling >100 40–50 Small Small
Filtration <2 90–99 Medium to

high
Medium to
high

Wet scrubbing >1 80–95 Medium High
Cyclone >5 85–95 Medium Medium
Electrostatic

precipitator
<10 90–99 High Small to

medium
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2.3. Particle collection

After the droplet-to-particle step is finished, the solvent-free
particles must be collected. Several pieces of equipment have been
recommended, and can be chosen based on the material types, the
mass of the products, and the particle sizes: a cyclone, a filter bag,
or an electric field precipitator (Table 2) [24,25]. Details of the
other methods for particle collection and the choice among meth-
ods are provided by Svarovsky [26,27] and Perry and Green [28].
3. Various particles morphologies

The spray-drying method has great potential for the synthesis
of particles that are rich in desirable properties. A simple process
can be achieved, which involves only solvent evaporation and
self-assembly of materials inside the droplet system, as described
above. The control of particle shape is also possible by adding some
technical modifications. The features of the initial raw material
(e.g., initial particle size, type of material, physical and chemical
properties, and surface charge) and process conditions play an
important role in producing various products [10,11,29]. Using this
suitable process, a summary of research on particle processing via
spray routes over a 15-year period (1995–2010) is shown in
Table 3.

Examples of the aerosol spray-drying method for the prepara-
tion of spherical and doughnut-shaped particles, composite and
microencapsulated particles, porous and hollow particles, and
hairy particles are described, as follows:
3.1. Spherical, hollow, and doughnut-shaped particles

Fig. 3 shows the possibilities for controlling particle morphol-
ogy using the spray-drying method. Various particle morphologies
can be produced by changing the process conditions. The mecha-
nism of the particle formation is illustrated in Fig. 3a. Spherical-
shaped particles are typically generated using the spray method,
which can be fabricated from either colloidal solution, sol nanopar-
ticle, or alkoxide solution (Fig. 3a; R1). The maximum structural
stability of the solution is in a spherical form, which is the funda-
mental reason for producing this shape [20]. However, the change
of several parameters, which are related to the mass and the heat
transfer of the droplet, can result in different particle morphologies
[20]. The adjustment of mass [35] and heat transfer-related param-
eters [29] (i.e. characteristic time for solute to reach saturation
(skin formation), heat transfer from the surface to the deepest
point inside the droplet, and drying residence time) can create hol-
low particles (Fig. 3a; R2) [30]. A variation of the initial size of the
precursor, when using nanoparticles as an alternative to a liquid
precursor, can produce spherical particles with differing surface
roughness (Fig. 3a; R3) [31]. The selection and the adjustment of
the initial physicochemical properties of the droplet are also
important, which is known as bond number correlation. Changes
in the hydrodynamics, the structural stability, and the behavior
of the droplets can occur, allowing the transformation of a droplet
from spherical, mushroom and convex, to a doughnut form
(Fig. 3a; R4) [32]. In practice, this droplet-transformation phenom-
enon happens when there is a change in the specific parameters
(i.e. viscosity, drying temperature, gas flow rate, and addition of
surfactant), the type of spray injection, and the droplet-gas contact
flow (i.e., co-current, counter-current, and mixed flow) [30–
32,104].

To confirm the effectiveness of the above mechanism in fabri-
cating particles with various morphologies, the SEM and the TEM
analysis results are represented in Fig. 3b–g). Fig. 3b shows the
spherical silica particles produced using the spray method. This fig-
ure confirms that under usual conditions, the spray method typi-
cally generates a spherical shape [30]. The adjustment of some
parameters can produce particles with a unique morphology. The
change of mass- and heat-transfer parameters caused the produc-
tion of hollow particles (Fig. 3c and d), which was believed to be an
effect of component movements in the droplet [35] and of a high
evaporation rate [29]. Variation of the initial precursor parameters
(i.e. nano-precursor size), which was performed under low-evapo-
ration rate conditions to insure the preparation of dense particles,
resulted in spherical particles with differing surface forms. The use
of nanoparticles with the size of several nanometers allowed the
production of small-roughness spheroidal particles (Fig. 3e) [30].
However, when the size of the nano-precursor was nearer the size
of the droplet, the creation of particles consisting of only several
spheres could be obtained (Fig. 3f) [31]. In other cases, the change
of the process conditions that were related to the hydrodynamics,
structural stability, and the behaviour of the droplets caused the
formation of doughnut particles (Fig. 3g) [32].
3.2. Composite particles and their derivatives

Composite particles, which are defined as particles comprised of
several components, have become one of the most attractive topics
recently due to their useful in large field applications [3]. Studies
on this composite (consisted of multi-component and structures)
have been intensively reported. However, to simplify the descrip-
tion of composite particles, we focused only on the particle con-
taining two components. One component acts as a main material,
while the other is a supporting material. From the use of both com-
ponents in the initial precursor, unique results can be obtained: (i)
particles with well-distributed components, (ii) microencapsulated
particles, and (iii) hairy particles.
3.2.1. Well-distributed components and microencapsulated particles
In conventional theory, when two components are mixed in the

solvent and dried, the final material produced is a mixture of both
components. The component domination in the final material de-
pends on the fractions of the components in the initial precursor.
This suggests an idea to control particle morphology by changing



Table 3
Various particle morphologies prepared via spray routes (1995–2010).

Morphology Material type Size (nm) Precursor Specific
treatment

Refs.

Dense particle Inorganic particles >100 Nanoparticle sols (e.g. nano silica, nano boron nitride, nano titania, etc.) – [31,37,43,63]
>200 Single solute precursor (e.g. TEOS, TiCl4, TC-300, TC-400, TTIP) – [63,67]

Multi Solute precursor (e.g. Gd nitrate + Y Nitrate + Eu; ZHA + YHA;
CH3COOLi + FeC2O4 + (NH4)2HPO4)

– [96–98]

Doughnut particle Silica >500 Nano silica – [32]
Aluminum >500 Aluminum solution – [99]
Hydroxyapatite (drugs) >1000 Ca(NO3)2 + (NH4)2HPO4 + NH3 – [100]

Hollow particle Clay >1000 Sodium montmorillonite + alkylsulphonate – [101]
Silica >200 Phenolic resin + TEOS + Pluronic P123 + span 80 + vapor HCl – [102]
TiO2 >700 TiO2 nano + silica nano – [1]
ZrO2 >500 ZrO(OH)Cl – [29]

Zr(OH)2(H2O)4Cl2 – [103]
Drugs >1000 Drugs component + PSL – [78]

Microencapsulated
particle

Inorganic/inorganic
particles

>500 Nano silica + nano silica
Zr(NO3)2 + nano silica

Al(NO3)2 + nano silica

– [36]

>10,000 Inorganic saltsa (sulfates; nitrates; acetates; carbonates; chlorides;
organometallic salts)

– [104]

Food or drugs by organic
compound

>500 Main component + organic compound (e.g. carbohydrate, dextrose,
gums, gelatin, and protein)

– [33,105,106]

Porous particle TiO2 >400 Nano brookite + PSL – [17]
>200 Nano anatase + PSL – [6]
>100 TiCl4 – [11]

Silica >100 Nano silica + PSL – [35,38,50,54]
>100 TEOS + PSL – [11]
>200 TEOS + surfactantb – [55,56][102]
�1000 Nano silica + salt – [51]
>1000 SiCl4 + metal carbonate – [107]

Al2O3 >500 Al(OH)3 + CTAB – [108]
>100 Al(NO3)2 + PSL – [11]

Aluminium
organophosphonate

>1000 AlCl3 + pluronic – [52]

Hyaluronic acid (drugs) >1000 Hyaluronic acid + PSL – [5]
Y2O3 >200 Y(NO3)3 + PSL;

Y(NO3)3 + PSL + Eu
– [11,81]

Carbon >1000 Alkali metal chloroacetate – [109]
ZrO2 >200 ZrO(OH)Cl + PSL – [11]

Hairy particle CNT Tubes
from >10

Metallocenes + hydrocarbons – [40]

CNT Tubes
from >10

Ferrocene + ethanol – [41]

CNT/BN >100 Nano BN + ferrocene – [43]
Nano BN + CoPd – [37]

CNT/silica >100 CNT + TEOS/TMOS – [42]

Nanoparticle TiO2 >10 TTIP; TC-300; TC-400 LP [67]
Y2O3 >10 Y(NO3)3 + Eu(NO3)3 LP [110]
CeO2 <20–120 Ce(NO3)4 LP [66]
ZrO2 <200 ZrO(OH)Cl + Salt AS [110]
CeO2 25–100 Ce(NO3)4 + EG AS [111]
BaSO4 4–8 Ba(OH)2�8H2O + EG AS [53]
CdSe <10 Cd compound + Se compound + toluenec AS [65]
Silica 10–75 Hexamethyldisiloxane FS [112]
YAG:Ce 5–700 Y(NO3)3 + Al(NO3)3 + (Ce(NO3)3 FS [113]
Y2O3 30–700 Y(NO3)3 FS [64]
Bismuth 50–130 Bi(C8H15O2)3 + O2 FS [61]
Inorganic composite
nanoparticlesd

<100 Inorganic solution FS [69]

LP = low pressure-assisted spray method; AS = additive-assisted spray method; FS = flame-assisted spray method; TTIP = titanium tetra-isopropoxide; EG = ethylene glycol;
TEOS = tetraethylorthosilicate; PSL = polystyrene spheres; YAG:Ce = Y3Al5O12:Ce3+; ZHA = Zr(OH)x(CH3COO)4 (x = 2.64); YAH = (CH3COO)3Y.

a Reviewed in the book.
b CTAB (cetyltrimethylammonium bromide), Brij-56 (CH3(CH2)15(OCH2CH2)10OH), or P123 ((CH2–CH2O)20(CH2(CH3)CH2O)70(CH2CH2O)20).
c Cd component (CdO, CdCO3, Cd naphthenate, and Cd(CH3CO2)2) and Se component (Trioctylphosphine selenide).
d (V2O5/TiO2, TiO2 /SiO2, perovskites, Pt/TiO2, Pd/Al2O3, Pt/CeO2/ZrO2, Pt/Ba/Al2O3, Ag/ZnO, Cu/ZnO/Al2O3, Pd/Pt/Al2O3, and Au/TiO2).
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the fractions of the components, e.g., the concentrations and the
sizes of the components.

Fig. 4 shows the possibility of producing particles with well-
distributed components and microencapsulated structures. The
figure focuses on the effect of component size on particle morphol-
ogy, in which other parameters are assumed to be the same. Fig. 4a
is an illustration of the simple mechanism of a particle formation
consisting of two components. When the fraction of each compo-
nent is the same, particles with a well-mixed component can be
obtained (Fig. 4a; R1) [36,37]. However, when the fraction is



Fig. 3. Various particle morphologies: (a) formation mechanism; (b) spherical particles with smooth surface produced from alkoxide; (c) SEM image of broken hollow ZrO2

particles; (d) TEM image of hollow ZrO2 particles; (e) spherical particles prepared from silica nanoparticle 70 nm; (f) spherical particles prepared from silica nanoparticle
120 nm; and, (g) doughnut silica particles prepared by changing specific parameters. (c and d), (e and f), and (g) were reprinted with permission from Refs. [29],[31], and [32],
respectively.
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different, unique particles can be produced (Fig. 4a; R2). A sur-
rounding or a coating of one component by others can be created,
which is known as the microencapsulation phenomenon [33].

Diffusion plays an important part in these hypothesis phenom-
ena. Different diffusion rates affect the particle movement in the
droplet, which can be described by conventional calculation, as fol-
lows [9].

Dc ¼ k
KBT

6plcRc
ð6Þ
where Dc, k, KB, T, lc, and Rc are the diffusion coefficient of compo-
nent (m2/s), the diffusion correction factor, the Boltzmann’s con-
stant (=1.38 � 1023 J/K), the temperature (K), the viscosity of the
solvent (kg/m s), and the component size (m), respectively. The dif-
fusion coefficient has a correlation negative to the size of the com-
ponent. Because the diffusion coefficient describes the particle
movement rate [20], this equation suggests that the component
movement increases along with a decrease in component size.

The simplification of this phenomenon can be described as fol-
lows. During solvent evaporation, a meniscus region is formed. The



Fig. 4. Composite particles prepared by the spray-drying method: (a) mechanism; (b) well-dispersed particles; (c) microencapsulated particle using nanoparticle; (d)
microencapsulated particles using alkoxide. (c and d) were reprinted with permission from Ref. [36].
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meniscus region is the interface region where all of the solvent can
no longer be held in its liquid phase, and some of the solvent be-
gins to vaporize. Solvent evaporation from this meniscus region in-
duces capillary flow, and the interparticle capillary forces cause
self-assembly of the colloidal particles into the close-packed ar-
rays. All components at the very beginning of the process are dis-
tributed homogenously in the droplet. As a result of the buoyancy
force, the components move to the meniscus region. When the
component sizes are almost similar, a particle with a well-distrib-
uted component structure can be obtained due to equal compo-
nent movement rates. However, when different fraction
components (large and small particles) are interfered with, unique
phenomena can occur. Smaller particles have a lower buoyancy
force, but have a larger Brownian motion effect, than the large par-
ticles. For this reason, the smaller particles can easily move and
swirl from one position to another [9]. This condition also permits
the smaller particles to move and arrange faster to the meniscus
region, while the large particles are slow but can easily shift the
arrangement of smaller components in the interstitial channels be-
tween spheres [34]. Since the movement of the meniscus region is
very fast, the small particles that exist in the meniscus region are
trapped. The movement of particles in the meniscus region be-
comes very limited. The channels between trapped particles are
jammed and filled by the interstitial small particles, which cause
the discontinuity of flow entering the meniscus and the movement
of configured particles [35]. Further, when the meniscus region
passes the particle arrangements, no particle movement is possi-
ble. This condition makes it possible for a smaller component to
coat a larger component [36]. Detailed information about this
mechanism is reported elsewhere [34,35].

Several examples for the above hypothesis are represented in
Fig. 4b and d. The particles with well-mixed components, consist-
ing of CoPd and BN, could be produced when 20 nm of CoPd nano-
particles and 30 nm of BN nanoparticles were mixed in the same
ratio [37] (Fig. 4b). The component fractions (both volume (from
the particle size calculation) and concentration) were equal,
explaining the fundamental reason for the production of this type
of particle. However, when different sizes of components (e.g. silica
particles with size of 109 and 6 nm) were employed, microencap-
sulated particles were created (Fig. 4c). The confirmation results
for the above hypothesis showed that the smaller particles were
moved easily to the meniscus and formed an encapsulated film
in the final particle surface. 109-nm silica particles had a tendency
to be placed inside the droplet, while 6-nm silica nanoparticles had
a tendency to move to the surface and to form a coating. Similar
results were also observed for other cases consisting of different
material types and sizes. For example, in the preparation of an
Al2O3/SiO2 powder from a mixture of Al2O3 (18 nm) and a SiO2

(109 nm) sol precursor, Al2O3 particles appeared on the surface
of the prepared powder while silica was placed inside the particles
[36].

To confirm the above hypothesis in particle movement, the
combination of nanoparticles and solute component is also pre-
sented in this review. Iskandar et al. reported the encapsulation
of silica particles prepared from a mixture of SiO2 sol (5 nm) and
an aqueous precursor solution of zirconyl nitrate dehydrate



Fig. 5. Formation of composite BN/CNT particles: mechanism illustration (a); particle morphology preparation ((b) BN only; (c) additional catalyst in the initial precursor; (d)
catalyst in the high concentration; (e) catalyst only); and XRD analysis of prepared BN/CNT catalyst ((f) using CoPd as catalyst; (g) using ferrocene as catalyst). (b–e) and (g)
were reprinted with permission from Ref. [43], while (f) is from Ref. [37].
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(Fig. 4d) [36]. The results verified that during the evaporation
process, the solute component had a tendency to move to the
surface of the droplet [20], while sol nanoparticles were rela-
tively confined to deep inside the droplet. After the surface
was dried, the solute components were reacted (e.g. zirconyl ni-
trate to zirconium) or dried, allowing the formation of a shell in
the final product [36]. This procedure is limited not only to the
preparation of inorganic particles but applies to all material
types, as reported by Gharsallaoui et al. [33] and Vehring [20]
in the coating of material by several organic components (e.g.,
carbohydrates, gums and proteins).
In addition to the effect of component size on the creation of
microencapsulated particles, other parameters also should be con-
sidered; for instance, the charge of the particle is also crucial in
forming particles using the microencapsulation phenomenon
[38]. Detailed information concerning particle charge and other
parameters will be described in a future study.

3.2.2. Hairy particles
Well-dispersed particle formation has been discussed in the

above section. The formation of those particles can be obtained
when almost identical amounts of each component are used. The



Fig. 6. Spray-dried porous particles produced from various templates: (a) mechanism illustration; (b) CTAB (cetyltrimethylammonium bromide); (c) P123 ((CH2–
CH2O)20(CH2(CH3)CH2O)70(CH2CH2O)20)); (d) poly(propylene glycol dimethylacrylate) and 1,19 – azobis (1 – cyclohexanecarbonitrile); (e) polystyrene particles with
positively zeta charge; (f and g) polystyrene particles with negatively zeta charge. SEM analysis (b–d), (g) and (f) were reprinted with permission from Refs. [30,31,35],
respectively.
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above particle formation phenomenon and hypothesis is important
and very useful for further particle development in material pro-
cessing. For example, the preparation of composite carbon nano-
tube (CNT) particles can be achieved by the above phenomenon,
by adding CNT catalyst to the precursor. CNT formation is a focus
of this review because CNT have been extensively studied in the
past decade [39].

Vivekchand et al. reported the preparation of CNT using metal-
locenes as the CNT catalyst and various hydrocarbons as the carbon
source [40]. That procedure was then developed by Su et al., who
prepared these materials using harmless chemicals and side prod-
ucts (e.g. CO) [41]. Further developments were reported by Iskan-
dar et al. They reported a possibility for the fabrication of CNT
composed with other composite materials [37], which is believed
to be the first report of the synthesis of composite CNT/inorganic
particles (namely, hairy particles) via an in situ process. A simple
fabrication procedure was achieved. In short, to synthesize com-
posite CNT particles, they used CoPd nanoparticles (as the CNT cat-
alyst), BN nanoparticles (as the supporting material), and ethanol
(as the solvent and the carbon source). The mixture was then
spray-dried to produce composite BN/CNT particles in one step
process. This preparation was different from other common CNT
composite material preparation methods, in which the conven-
tional procedure was typically complicated and required multistep
process. Furthermore, this conventional procedure results in that
CNT and other components are not composed chemically [42].
Other advantage from Iskandar et al., method is the possibility in
controlling CNT tube length, tube diameter, and population. As a
continuation of the Iskandar method [37], Nandiyanto et al., from
the same research group, reported the preparation of particles con-
sisting of BN and CNT using the same method but with different
types of catalysts [43]. Ferrocene was selected as a model solute
catalyst, as it was more convenient for practical use because no
catalyst nanoparticle synthesis steps were required.

Fig. 5 shows the composite CNT particle formation mechanism
with analysis results. The mechanism in Fig. 5a describes the pos-
sibility of preparing composite CNT particles via the spray route by
in situ formation and a rapid process. The simplicity of the mecha-
nism can be described as follows: as the aerosol passes through the
reactor, solvent evaporation and formation of spherical and com-
pact particles (comprised of all precursor components) occurs
sequentially. When the precursor consists of inorganic particles
only, spherical particles can be prepared (Fig. 5a; R1). However,
when another component (i.e., a CNT catalyst component) is added
to the initial precursor, additional phenomena will occur. The cat-
alytic decomposition of ethanol and the CNT growth on the surface
of the CNT catalyst happens, which permits the preparation of
composite CNT/inorganic particles (Fig. 5a; R2). To the contrary,
when no inorganic component is added, the formation of CNT with
a thicker diameter can be generated (Fig. 5a; R3) [41].

The results from the above mechanism (in the case of Iskandar
et al. [37] and Nandiyanto et al. [43]) are shown in Fig. 5b–e. The
formation of dense particles, hairy particles, and CNTs are shown.
Aggregated BN particles could be prepared by conducting only
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BN nanoparticles in the solvent (Fig. 5b). The addition of catalyst in
the initial precursor caused the formation of BN particles with CNT
(Fig. 5c). The composite diameter, as well as the CNT population
and thickness, could be controlled by a change of the BN/catalyst
ratio (Fig. 5d). Finally, when only catalyst existed in the solvent
(no BN nanoparticles were placed), CNTs were formed and no
aggregated particles existed in the final product (Fig. 5e). To con-
firm the feasibility of the process in fabricating composite particles,
XRD analysis of the prepared particles is shown in Fig. 5f and g. No
BN phase change was found during the process, which implies that
the current process is reliable for further applications. Moreover,
the particle fabrication has the potential for scale-up production
due to a short residence time (about 1 s) [37].

3.3. Porous and raspberry-like particles

Technology for the fabrication of honeycomb-patterned mate-
rial with a well-defined structure has many applications [35].
The improvement in material performance with this pattern has
been well-established by several research groups [17]. Many prep-
aration methods, containing pore structures known as the MCM
series, the HMS series, the SBA series, etc., have been reported
[44]. Although these methods show good utility for industry, sev-
eral disadvantages are noteworthy: (i) most of these processes
have the limitation of producing film material only, which compli-
cates large-scale industrial implementation [45]; (ii) most require
and/or produce harmful and difficult-to-handle chemicals (e.g.
ammonia as a catalyst), creating conflicts with safety and environ-
mental regulations in industrial applications [46] and necessitating
downstream purification processes; (iii) most are specific and re-
quire rigid conditions, complicated, and multi-step synthetic pro-
cedures, which further complicate the scale-up process; and, (iv)
limitations in pore size (less than 5 nm) and particle diameter
are common, which can be problematic for many applications [47].

The preparation of porous material in a particle form is promis-
ing for industrial application [30]. The particle form can exhibit un-
ique properties [48] and can be re-formed into other types (e.g.
film, fiber, packed bed, etc.) [49]. A breakthrough in preparing por-
ous material in particle form has been reported by Nandiyanto
et al. [45] which is believed to be the smallest engineered porous
particle in existence. It is referred to as the Hiroshima Mesoporous
Materials (HMM) series. The control of pore size (from 3 to 20 nm)
is possible, as well as in the particle diameter (from several to hun-
dreds of nanometers). The process is amenable to industrial appli-
cation, although some limitations remain. In overcoming these
limitations, the spray-drying method continues to play a key role
in the creation of the porous particles.

Combination of the spray method with the use of a template is a
common approach to the preparation of porous particles [6]. The
principle mechanism involved in the preparation of composite par-
ticles (consisting of multi-components as described in the above
section) can be used to synthesize this type of particles [35]. How-
ever, the additional step is required for creating porous structure in
the particles, which typically by eradicating one component from
the composite particles is required [50].

Fig. 6 shows the mechanism illustration in creating porous par-
ticles and their recent developments. Various porous particles can
be seen in this figure. Fig. 6a illustrates the details of the spray
method used in porous particle formation. An inorganic material/
solution (as the main component) and a template are put into
the solvent and used as the precursor. This mixture is then intro-
duced to the atomizer to form droplets. In practical applications,
a carrier gas must be utilized to propel the droplets to the solvent
removal system (typically using heat treatment), which is de-
scribed in the above droplet-to-particle step section. The heat
treatment can be managed depending on the component proper-
ties (e.g. thermal degradation), which is accomplished by control-
ling the residence time, the pressure, and the temperature
process [5]. Once past the heating system, the composite particles
are then put in the template removal process to eradicate the tem-
plates, and particles with a porous structure remain. Several com-
mon template removal processes have been suggested: (i) heat
treatment, and (ii) solvent dissolution via an etching process [5].
Both of the suggested methods have both merits and demerits,
which are selected and related to the types of templates and the
component properties. However, for industrial applications, heat
treatment is typically used as the template removal because the
combination between solvent and template removal steps can be
approached into one step process [17]. Thus, the total process steps
can be minimized.

Selection of the template type is crucial in creating the pore
shape and structure [4,30]. Several templates are recommended:
salts [51], surfactants [56], polymers [52,53], and colloidal particles
[6,17,35,50,54]. Among the templates, an organic compound is typ-
ically used because it can be removed easily [6]. In this review, we
divided organic templates into two categories. One is an organic li-
quid/solution (e.g. surfactant, polymer) and the other is an organic
particle. The organic liquid/solution is typically chosen due to its
convenience and prospect for the creation of a very small pore size.
The formation of meso-, wormhole-, and foam-like pore structures
is possible depending on the selection of type of organic liquid/
solution (Fig. 6b–d). To create particles with a larger pore size,
the selection of an organic particle is the best option (Fig. 6e–g).
The pore size can be controlled from tens of nanometers [50],
which cannot be achieved when using an organic liquid/solution
as the template [17]. The pore size and shape can be predicted be-
cause the template itself reflects the pore formation [55], which is
the main advantage with the use of this type of organic template.

To successfully prepare particles containing a porous structure,
the effect of the type of template, main component-to-template ra-
tio, and template concentration and size must be considered [56].
Those parameters manage the pore shape, pore number, and
porosity of the prepared particles, In addition to above parameters,
the charge [55] of the template is also important. The component
attraction–repulsion phenomenon in the precursor, which is re-
sulted from the effect of particle charge selection, is believed to
be the main consideration to allow the formation of particles with
different morphologies (Fig. 6e and f) [38]. The formation of rasp-
berry-like particles is possible when the main material and the
template have opposite charge values (one is positive and the other
is negative). This contrast of charges causes an interaction and
attraction among the components since they are mixed (prior to
spraying), which allows for the phenomenon where one compo-
nent is coated by other components. When the precursors contain-
ing coated particles are spray-dried, aggregations of coated
particles form, allowing the formation of raspberry-like particles
after the template removal process (Fig. 6e). On the contrary, when
the charge values of both components were in the same direction,
porous particles were created (Fig. 6f). The pore size that is pro-
duced is a reproduction of the initial template particle [6], offering
an idea to control pore size through adjustment of the template
size. This circumstance also suggested the possibility of a more
complicated porous structure material formation, which was then
specifically reported by Nandiyanto et al. in designing particles
with an art-design pore structure (Fig. 6g) [35]. This material with
a unique and multi-size pore structure design could be fabricated
by adding multi-size template spheres.

The Okuyama research group has already accomplished much
with regard to porous particle preparation. The successful prepara-
tion of porous particles has not been limited to only one type of
material. The spraying of other inorganic components also has
been possible, confirming that this method is reliable and versatile
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for the production of various porous particles: SiO2, ZrO2, Y2O3,
Al2O3, TiO2, drugs (hyaluronic acid), etc. [5,6,11,17]. The reliable
preparation of many porous particles has been confirmed by the
stability of material phase and pattern (as verified by XRD analysis)
during the process (drying and template removal process). This
group also reported that a change in the size of the template
spheres resulted in the control of pore size [17,34,54], which was
controllable from several nanometers [50]. These results implied
that the success of the spray-drying method is due not only to
the choice of a colloidal or nanoparticle sol as the initial precursor,
but it is also due to the ability to control the number of pores, pore
structure, and pore size [17]. In general, the number of pores, pore
structure, and pore size can be controlled by adjusting the concen-
tration of the template and the template size in the initial precur-
sor [35].

3.4. Nanoparticle processing: from conventional spray-drying methods
to consideration of additional specific techniques

Particles in the nanometer range (below 100 nm in size) are
useful for many applications. Their unique properties distinguish
them from bulk materials [57]: (i) their surface structure is unique
and different from that of larger crystallites, thus allowing them to
alter reactivity or vary crystal chemistry [58]; (ii) in suspension
form they usually either sink or float in the liquid. This is because
the interaction of the particle surface with the solvent is strong en-
ough to overcome differences in density; (iii) they have unex-
pected visible properties, especially when they are dispersed into
medium, because they are small enough to confine their electrons
and produce quantum effects [45]; and, (iv) they have a very high
surface-area-to-volume ratio [59].

Based on the special properties of nanoparticles, it is believed
that they can lead to the creation of new devices and technologies
[60]. This promise is evident by the current rate of production of
nanoparticles (i.e. silica and titania), which is 2 million metric tons
per year [61]. Furthermore, the annual nanomaterial and nano-cat-
alyst markets are currently estimated to exceed $3.7 billion [59].
This makes nanoparticles one of the popular artists in science
and technology over the past decade [60].

To produce nanoparticles, a traditional method is the basic ap-
proach, which progresses through two steps: crystallization fol-
Fig. 7. Prediction of the size of prepared silica particles
lowed by a milling process to disperse or micronize the prepared
crystals. Although the method is feasible for practical uses, it is
insufficient due to poor control over particle size and size distribu-
tion, particle morphology, and crystallinity.

To address this problem, several developments have been re-
ported to improve the current traditional method, in which the
control of reaction rate during the crystal formation seems to be
the effective way. For example, the successful preparation of
MgF2 particles with controllable particle size (from nano to submi-
crometer) and morphology (cubes and spherical shape) has been
reported using this technique [48]. Although the preparation of
monodispersed particle is possible, shortcomings with regard to
impurities and un-reacted components still remain, requiring fur-
ther processes (e.g. particle functionalization, downstream pro-
cessing, purification, etc.) that will face a problem with operating
costs [2].

3.4.1. Conventional spray-drying method
The spray-drying method can be used as a suitable alternative

way to address the problems associated with the traditional meth-
od. Its advantages in preparing various particles with a simple pro-
cess at a high rate of production make it attractive for many
applications [30].

According to the literature, the principle of the spray drying
method is to produce small-sized particles via atomization and sol-
vent removal [13]. Because a single droplet produces one particle,
the size of the droplet and the amount of solvent in the droplet are
relative to the final synthesized particle diameter. In short, it is
possible to control the outer diameter of the particle, which can
easily be achieved by changing the droplet size [62] and adjusting
the precursor concentration [63].

The change in droplet size is dependent on the type of atomizer.
However, the minimum droplet size that can be generated is about
4.5 lm, which is produced by an ultrasonic atomizer [3]. For this
reason, the choice of atomizer is limited in the case of nanoparticle
production. To control particle size down to the nanometer range,
the change of precursor concentration is the last and the best
choice when using the conventional spray-drying method.

The concentration of the main component in the droplet be-
comes the main option for a change in prepared particle size
[50]. When the main component is added to the initial precursor
as a function of the initial precursor concentration.



Fig. 8. The nanoparticle formation mechanism using the spray method with the addition of specific techniques.
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in small amounts, the concentration ratio of solvent/main compo-
nent in the droplet should be high. Because the solvent is evapo-
rated during the spray-drying process, the droplets lose most of
their volume, allowing the production of small particles. On the
contrary, with a high concentration of the main component, after
the solvent is removed, the generation of large particles is possible.
The correlation between the colloidal concentration and the vol-
ume mean diameter of the prepared particles can be calculated
using a conventional geometrical droplet calculation, as follows
[37]:

Dp ¼
1

ð1� eÞ
XMi � Ci

qi

� �1=3

Dd ð7Þ

where Mi, Ci, and qi are the molecular weight, the concentration (g/
L), and the density (g/L) of component i, respectively. The symbols e,
Dd, and Dp are the porosity of the particle, the volume mean diam-
eter of the droplet, and the volume mean diameter of the final par-
ticle, respectively. This correlation proves that the size of generated
particles can easily be controlled by changing the initial precursor
concentration. The detail of the correlation between precursor con-
centration and the predicted particle size (using silica as a model
material) is represented in Fig. 7.
3.4.2. Additional specific techniques of the spray-drying method
The conventional spray-drying method has shown good ability

in fabricating particles on the nanometer scale. A decrease in pre-
cursor concentration and a change in droplet size (via selection of
atomizer types) are believed to be the main factors affecting the
production of nanomaterials. To be industrially relevant, however,
the lowering of precursor concentration in order to obtain nano-
particles results in poor production rates [64]. For instance, in a
typical initial droplet with a diameter of 5 lm, to obtain a
100 nm particle, the initial precursor concentration must be less
than 0.0008%, and such a low precursor concentration is impracti-
cal for a scaled-up production [10]. Furthermore, with the conven-
tional spray-drying method, the calculation using Eq. (7) is not as
effective in the generation of particles to within several nanome-
ters [62,65].

To overcome the limitations of the prior methodology (in hav-
ing a high-production rate as well as producing particles in sizes
as small as several nanometers), several researchers have reported
improvements in the spray-drying method, which can be accom-
plished through the use of specific conditions. Many techniques
have been reported in order to attain such improvements [10].
However, in this review, we have intensively reviewed only two
techniques, which are well-known for industrial applications – ra-
pid-solvent evaporation [64,67] and additive-assisted spraying
[66].

Fig. 8 illustrates two possible mechanisms for nanoparticle pro-
duction using these specific techniques. In the first, a micron-sized
droplet is produced (after atomization), which then undergoes sol-
vent evaporation. This step is usual for the fabrication of particles
using the spray-drying method. However, when a specific
improvement is added in the spray drying method, an additional
mechanism appears. Fig. 8, route R1, illustrates the mechanism
for the rapid-solvent evaporation technique, while Fig. 8, route
R2, illustrates the additive-assisted spray method.

Low-pressure-[67] and flame-[64] assisted techniques are typi-
cal rapid-solvent evaporation technique models (Fig. 8; R1). The
principle of this technique is to use rapid-solvent evaporation to
promote fast nucleation and crystal growth inside the droplets.
The agglomeration of small particles (formed by fast nucleation
and crystal growth) can be retarded due to a short-drying time
[68]. Further, an interesting aspect of this method is the formation
of an evaporated solvent, or gas evolution, brought about by the
thermal reaction and the high-drying rate. This evaporated solvent,
or formed gas, will cause pressure inside the droplet system [67],
which is the primary promoter of the agglomeration break-up
and the dispersion of primary crystals/nanoparticles. The optimi-
zation of the properties of the precursor should be considered to
enhance the effectiveness of the break-up conditions [69].

In the second route (Fig. 8; R2), nanoparticles can be produced
using the additive-assisted spray method. The process is simple,
with only a compound added to the precursor prior to spraying.
Conventional spray equipment can be used, which is the main
advantage of this technique in minimizing capital (equipment)
and processing costs. Salts [66], polymers [70], or low boiling-point
chemicals [65] are usually used as the additive compounds. The
mechanism of this technique can be described as follows. When
the multi-components are added to the precursor, they agglomer-
ate inside the spray-dried particles [37]. The additional of additive
component to the initial precursor allows the formation of com-
posite particles consisting of the additive and the main compo-
nents. Although aggregation and/or agglomeration makes all
components inseparable, the nano-main components are retained
individually inside the composite because the additive prevents
agglomeration among them [66]. When the additive components
are removed (e.g. solvent dissolution and heat treatment), the
nanoparticles can be obtained.



Table 4
Correlation of particle morphology with material properties.

Particle morphology Precursor Density Porosity Enhancement properties

Completely spherical dense

particle

Solution type (e.g. aIkoxide) qp = qapp e = 0 –

Small rough spherical dense

particle

Nanoparticles (dp1� Dd) qp � qapp e � 0 Near to normal

Highly rough spherical dense

particle

Nanoparticles (dp1 < Dd) qp < qapp e > 0 Near to normal

Hollow particle
Effect of fast evaporation rate qp < 0.1 qapp e > 30% UItra low refractive index

Doughnut particle
Effect of hydrodynamic qp� qapp e > 30% High surface area

Low refractive index

Porous particle
Additional template component 0.3

qapp < qp < qapp

0 < e < 70% Very high surface area
Very low refractive index

Encapsulated particle
Multi component (dp1 > 3dp2) qp � qapp e � 0 Protect core materia1

Mixed particle
Multi component (dp1 � dp2) qp � qapp e � 0 Specific properties {e.g. dope

material}

Hairy particle

Multi component (dp1 � dp2) + additional CNT catalyst
component

qp� qapp* e�* CNT-related properties

Note: *depend on the CNT population and tube size; qp = particle density; qapp = densed particle density; e = porosity; dp = size of component; dp1 = size of component 1;
dp2 = size of component 2; Dp = size of droplet.

Fig. 9. Effect of particle morphology on catalytic (a) and adsorption ability (b). (a) is a comparison of catalytic performance ability using titania dense and porous particles
[6,17], while (b) is a comparison of adsorption performance ability using commercial silica dense particles and the HMM (silica porous particles) [45,47].
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Development of the spray-drying method should not be limited
to these two techniques. Other advances in development are pos-
sible: a pulse combustion-assisted spray-drying method, a filter
expansion aerosol generator (FEAG), an electro-spray spray-drying
method, etc. [10]. These techniques can be explained simply as fol-
lows. (i) The pulse combustion-assisted spray-drying method is
used to make droplets break-up and particles burst. This condition
gives the synthesized particles a smaller size compared with those
produced by conventional spray-drying [71–73]. (ii) The FEAG is a
method to make smaller droplets using low-pressure conditions.
The difference from the above low-pressure technique is that in
FEAG, a filter is utilized as the atomizer. Because the filter has very
small pores, the generation of smaller droplets (compared with
those produced by a common atomizer) is possible, allowing the
production of nanoparticles in the final product [74]. (iii) Electro-
spray is a spray-drying method that applies high voltage to assist
in the generation of a small droplet size from a liquid solution that
is flowing through a capillary. A controllable droplet size from sev-
eral nanometers to micrometers is possible, which is one of the
main merits of the use of this method [75]. A detailed explanation
of the above methods is given elsewhere [10].

4. Particle morphologies – opportunities and potential roles

Particles with engineered features and morphologies are be-
lieved to enhance material performance [2]. Coordination of size



Fig. 10. A summary of the particle morphology preparation using the spray-drying method.
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and shape is important in order to gain the optimum particle prop-
erties. Exposition of surface performance is one of the advantages
of a change in particle morphology. The ratio of active-to-inactive
areas becomes a serious concern when expensive precious materi-
als are used for a specific application (e.g., platinum as a catalyst)
[59]. Control of particle sizes down to nanometers is the best solu-
tion to overcome the problems associated with the use of expen-
sive materials. A nanometer material can obtain the maximum
surface area of a material because the value of the inner portion
of the particle is relatively lost [59]. Although nanoparticles work
well in application, when the particles are too small and some
material performance can be compromised or lost [43,59]. Nano-
particles are also difficult to handle in a scale-up production [7].
Their impact on health and the environment has also become a
serious concern [76,77]. The process to re-capture nanoparticles,
when they are released into the environment, can be difficult,
especially when related to the processing cost and reuse processes
[17].

Due to the problems associated with the use of nanoparticles,
current technology relies heavily on particles of a larger size (more
than submicrometer) [1]. The handling process and the separation
of particles within this range is easier giving them greater potential
for industrial applications than nanoparticles [7,17]. To garner the
properties of nanoparticles, control of particle morphology is a
good approach [59]. Chemical–physical performance gained from
the management of shape can be predicted and designed [17]. Pre-
dictions of particle performance and advantages using various par-
ticle morphologies are shown in Table 4.
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There are several examples of the use of various particle mor-
phologies. Two examples from the effect of particle morphology
on particle performance are represented in Fig. 9. Iskandar et al. re-
ported the effectiveness of the change of morphology on catalytic
performance [17]. Porous particles in the submicrometer range
have catalytic properties near to that of nanoparticles. Submicrom-
eter porous particles have more utility than nanoparticles for
industrial applications because of their cost-effective reuse and
recycling processes. This was also verified in a report by Nandiyan-
to et al. that compared porous particle performance with that of
nano and dense particles using other materials [6]. Tsapis et al. re-
ported that the change of particle morphology from dense to hol-
low is effective for management of material density in the
application of aerosol drug delivery [78]. To control particle den-
sity and aerodynamics, Iskandar et al. suggested other ways of
modifying particles to achieve a porous structure [5]. Lee et al. re-
ported the effect of particle morphology on the change of material
density [79]. The effect of various morphologies (i.e., aggregated,
porous, and hollow particles) on controlling particle density and
porosity was described in detail, both theoretically and experimen-
tally. Okuyama et al. reviewed the change of particle morphology
in controlling the material refractive index [30]. The particle refrac-
tive index can be controlled to near that of the ideal refractive in-
dex material (e.g. air) by changing the particle shape [80]. Success
in changing particle morphology is not exclusively in the material
density, surface area, and refractive index. Widiyastuti et al. re-
ported the effectiveness of the use of porous particles, which
exhibited greater PL intensity, quantum efficiency, and red-emis-
sion compared with non-porous particles [81].

5. Summary

Critical issues, associated with the development of the aerosol-
assisted self-assembly technique to obtain effective strategies in
designing particle morphology, have been discussed. The spray
method, as the representative of this technique, has been verified
for the production of particles with various features and morphol-
ogies. The types and the concentrations of precursors, the selection
of process conditions, and the addition of supporting materials all
play significant roles in the production of particles with various
sizes and morphologies.

To comprehend the above description of particle morphology,
Fig. 10 shows the various particle morphologies prepared using
the spray method. The effectiveness of this method in controlling
particle morphologies that include dense, hollow, encapsulated,
hairy, and doughnut forms has been described. An explanation of
the various morphologies can be simplified as follows:

(i) The spherical particles are basically prepared using the spray
method because the particles are produced from the drop-
lets with a spherical shape, and the most stable shape for a
droplet is the spherical form.

(ii) The particles with doughnut and hollow shapes can be pre-
pared by changing the process conditions (e.g., flow rate,
temperature process, addition of surfactant).

(iii) The production of particles with a multi-component is pos-
sible when multi-components are added to the initial pre-
cursor. Well-mixed component particles can be created
when the component fractions (i.e., size) are almost the
same, while the possibility of the particle encapsulation phe-
nomenon can be prepared when the component fractions
are different.

(iv) The hairy particle can be produced when the specific mate-
rial (i.e., a CNT catalyst) is added to the precursor.

(v) The particle with porous structures can be formed when the
template component is added to the precursor.
The various morphologies of particles exhibit many potential
applications for their uses in future technology. Enhancement of
particle performance can be achieved by a change in particle mor-
phology. We believe this report contributes new information to the
fields of chemical, material, environmental, and medical engineer-
ing because the method that we reviewed has shown that broad
application can be born from the management of particle morphol-
ogy. Finally, size- and morphological-controllable synthesis of par-
ticles is of both great significance and challenge, and need to be
further explored.
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