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Formation of nanoparticles from polydispersed, non-spherical submicron-sized particles via a gas-phase
route in a flame reactor was investigated using tungsten oxide particles as a model material. Nanoparti-
cles were formed by the evaporation of non-spherical powder, followed by nucleation, coagulation and
surface condensation. The effects of both the flame temperature profile and the carrier gas flow rate on
particles formation were studied numerically, and the results were validated by experimental data. The
ungsten oxide
vaporation
gas-phase route
on-spherical particles

simulation was initiated by the use of computational fluid dynamics (CFD) to obtain the temperature dis-
tribution in the flame reactor. Then, evaporation of the feed material was modeled, taking into account
both the polydispersity and the shape of the non-spherical particles. A nodal method was selected to solve
the general dynamics equation (GDE), which included nucleation, coagulation, and surface condensation
terms, for the prediction of particle dynamics. Results of the simulation were consistent with the exper-
imental data, indicating that the selected model adequately predicts the final particle size distribution.
. Introduction

Nanoparticles that range in size from tens to hundreds of
anometers are the focus of current research because their chem-

cal and physical behaviors are remarkably different from those
f the bulk material [1,2]. Nanoparticles exhibit superior optical,
lectronic and luminescence properties compared with materials
f larger grain sizes. Nanoparticles can be formed using aerosol
rocess that has advantages over liquid processes: high purity, con-
inue process, and a short residence time [1,3]. The use of flame
ynthesis in aerosol processes for the generation of nanoparticles
rom feeding material in the gas-, liquid- or solid-phase is becom-
ng increasingly popular. The use of monodispersed and spherical
ilica powder as an ideal feed material for flame synthesis was
ntroduced by our group, and particle formation using this mate-
ial has been evaluated both experimentally and theoretically [4].
he advantages of solid-fed flame synthesis for the generation of

anoparticles include a one-step process and an inexpensive, easy-
o-handle bulk material as the feed material.

In general, polydispersed and irregularly shaped powder is
nexpensive and easily obtained, which enhances its potential
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for use as a feed material. One candidate model material is
tungsten oxide because polydispersed and irregularly shaped
micro-submicrometer tungsten oxide powder is commercially
available. A solid-fed flame process that can generate highly crys-
talline tungsten oxide nanoparticles from the bulk particles with
controllable size, high adsorption and relatively low production
costs was studied experimentally in our previous investigation
[5]. Tungsten oxide nanoparticles can be applied to the develop-
ment of future technologies, such as photocatalysis, solar energy
devices, color memory devices, and gas sensors [6–9]. Therefore,
quantitative studies of the controllability of nanoparticle forma-
tion by solid-fed flame synthesis are necessary to determine the
optimal design and operation of flame reactors for the generation of
particles with a predictable particle size distribution. Current inves-
tigations of solid-fed flame synthesis are limited to monodispersed
and spherical bulk materials [4]. Quantitative study of nanoparticle
formation using solid-fed flame synthesis starting with polydis-
persed and irregularly shaped powder as the feed material is
important to better understand the process.

In solid-fed flame synthesis modeling, there are two routes:

solid evaporation for vapor generation and gas-to-particle con-
version for generation of nanoparticles via vapor nucleation,
coagulation, and surface condensation mechanisms [4]. Evapora-
tion modeling was applied to calculate the monomer concentration
in the continuous phase that resulted from a solid evaporation

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:okuyama@hiroshima-u.ac.jp
dx.doi.org/10.1016/j.cej.2010.02.008
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Nomenclature

Dv vapor diffusion coefficient (m2 s−1)
N(1) tungsten oxide vapor number concentration (m−3)
N(k) number concentration of tungsten oxide particles at

the kth node (m−3)
Ri,r the net rate of production of species i due to reaction

r (kg m−3 s−1)
T temperature (K)
dp,i particle diameter of size class i (m)
kB Boltzmann constant (J K−1)
m1 mass of a tungsten oxide molecule (kg)
ni initial particle number concentration of size class i

(m−3)
ns saturated tungsten oxide vapor concentration,

molecules (m−3)
ps saturated pressure (N m−2)
s1 surface of a tungsten oxide molecule (m2)
t time (s)

Greek letters
�p particle density (kg m−3)

p
o
s
n
s
e
p
v
m
d
b

the same volume as the particle to the actual surface area of the
�S sphericity shape factor (dimensionless)

rocess in the high-temperature region near the burner surface
f the flame reactor. When the flame temperature decreased,
upersaturation occurred, leading to nanoparticle formation by
ucleation, coagulation and condensation. Gas-to-particle conver-
ion itself has been reviewed extensively, both theoretically and
xperimentally [2,10]. Most numerical models used to describe
article formation via aerosol routes following gas-to-particle con-

ersion are based on the general dynamic equation (GDE). These
odels include sectional, moment, discrete-sectional, nodal, and

iscrete-nodal point methods [11–15]. The GDE solution can also
e modified or extended.

Fig. 1. (a) Experimental set-up, (b) size distribution of the initial tungsten oxid
ring Journal 158 (2010) 362–367 363

This paper introduces a modification of our previous model of
nanoparticle formation via solid-fed flame synthesis using polydis-
persed and non-spherical particles as a starting material. The use of
tungsten oxide powder, rather than silica, as the starting material
proves that the model can be applied to various materials, depend-
ing on their physical and chemical characteristics. The effects of
both fuel flow rate and carrier gas flow rate on the final particles
were investigated numerically, and the results were validated by
experimental data.

2. Experimental

The experimental system, which consisted of an aerosol gener-
ator, a flame burner and a bag filter for particle collection, is shown
in Fig. 1a. The flame reactor was also equipped with a Pyrex glass
cylinder that was 96 mm in diameter and 1 m in height. Methane
and oxygen were selected as fuel and oxidizer, respectively, with
volume ratio 1:2.5 to assure combustion completely. Solid precur-
sor with feed rate of 1140 mg/h was carried by oxygen as a carrier
gas. The system is described in detail in our previous paper [4]. The
morphologies of the initial and generated particles were examined
using a field emission-scanning electron microscope (FE-SEM, S-
5000, Hitachi Corp., Tokyo, Japan). Geometric mean particle size,
dg, geometric standard deviation, �g, and sphericity shape factor,
�s, were determined from the FE-SEM images of at least 400 par-
ticles. The particle size distribution of the initial tungsten oxide
feed material is depicted in Fig. 1b and dg and �g were 674 nm and
1.45, respectively. The initial tungsten oxide particles were non-
spherical as shown in the FE-SEM image in Fig. 1c. The sphericity
shape factor of the feed particles was determined using an image
analyzer (ImageJ, free software). The sphericity shape factor, �s, of
particles is defined as the ratio of the surface area of a sphere with
particle, �S = d2
p/Sp, where Sp is the actual surface of the particle

and dp is the diameter (equivalent diameter) of the sphere having
the same volume as the particle [16]. The sphericity shape factor
is also defined as the ratio of the (4�A) to the (P2), where A is the

e particles, and (c) FE-SEM image of the initial tungsten oxide particles.
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rates of 1.0, 0.8, and 0.5 L/min, the total residence times were
7.2, 7.9, and 8.7 s, respectively. On the other hand, at a methane
flow rate of 1 L/min and a lower carrier gas flow rate of 2 L/min,
the temperature and the residence time were 2500 ◦C and 10.2 s,
respectively. Decreasing the carrier gas flow rate increased both
64 W. Widiyastuti et al. / Chemical E

rea and P is the perimeter of the particles, which is easier to deter-
ine than sphericity estimated from the particle image [17]. The

phericity shape factor of the feed particles was 0.90.

. Numerical method

The simulation was begun by obtaining the temperature profile
nd velocity distribution in the domain system of the flame reac-
or using a commercial CFD code, FLUENT 6.3 (Fluent Asia Pacific,
okyo, Japan). The details of the CFD method used for flame com-
ustion modeling and its validation are described in our previous

nvestigation [4].
To model the size changes in feed particle due to solid evapo-

ation, both the polydispersity and sphericity shape factor of the
eed particles, which was disregarded in our earlier study [4], were
onsidered. To model the evaporation rate of evaporation of poly-
ispersed feed particles, the size distribution was divided into j
ize fractions, as in our previous model of droplets containing the
recursor solution [18]. Therefore, there were j simultaneous equa-
ions for the rate of tungsten oxide particle evaporation as follows:

ddp,i

dt
= 4Dvm1

�pdp,i
(N(1) − ns) �S, i = 1, 2, . . . , j; j = 8 (1)

The change in tungsten oxide vapor in the surrounding gas is
iven by the following equation:

dN(1)
dt

= −2�Dv

i∑
i=1

dp,ini(N(1) − ns)�S, i = 1, 2, . . . , j; j = 8

(2)

Both equations assumed that the saturation ratio was less than
r equal to 1 and that dp,i was greater than or equal to zero. �S is the
phericity or shape factor that should be considered for improve-
ent of the results of arbitrary bodies, Uarbitrary body = �S Usphere,
here U is an arbitrary quantity of interest [19].

The saturation concentration, ns, was obtained using the follow-
ng equation:

s = ps

kBT
(3)

here ps is the vapor pressure of tungsten oxide, which was
btained from tungsten oxide vapor pressure data [20]. Correlation
f the data resulted in the following equation:

s = exp
(

45.46 − 54070.6
T

)
(4)

Surface tension data are assumed independent of temperature,
ccording to Vladuta et al. [21] to obtain vapor diffusivity, Dv, a
orrelation based on physical–chemical data taken from Poling et
l. [22] was used.

Due to a non-homogenous temperature distribution in the flame
eactor, supersaturation was achieved in the cooling region of the
ame reactor. The tungsten oxide vapors generated the smallest
articles, which are called clusters, by homogenous nucleation.
hen, the clusters increased in size via coagulation and surface
ondensation. For simultaneous nucleation, coagulation and con-
ensation, the following general dynamics equation (GDE) was
olved [4,15]:

dN(k)
dt

= dN(k)
dt

∣∣∣ + dN(k)
dt

∣∣∣ + dN(k)
dt

∣∣∣ (5)

nucl coag evap/cond

here N(k) is the number concentration of the particles at node
. Details of the nucleation, coagulation, and surface condensation
erms are described in previous papers [4,15]. These equations were
olved using a nodal method, in which the particle size distribution
ring Journal 158 (2010) 362–367

was discretizing in size or volume space and the solution to the
population balance equation was determined for each section. In
this simulation, particles were assumed coalescence fully to form
spherical particles.

4. Results and discussion

4.1. Temperature distribution

The temperature distributions along the center and x–y planar
crossing the center of the flame reactor under various conditions
obtained from the CFD simulation are shown in Fig. 2a and b. The
temperature increased in the region near the burner surface and
continued to increase up to the maximum temperature at a cer-
tain position and then decreased up to the end of the flame reactor.
The maximum temperature increased as the methane flow rate was
increased. At a constant carrier gas flow rate of 10 L/min, the maxi-
mum temperatures at locations within 10 cm of the burner surface
were approximately 1500, 1300, and 1100 ◦C at methane flow
rates of 1.0, 0.8, and 0.5 L/min, respectively. At distances greater
than 10 cm, the temperature decreased steeply. For methane flow
Fig. 2. Temperature distributions (a) along the center of and (b) x–y planar crossing
the center of the flame reactor under various operating conditions.
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ig. 3. Change in the monomer number concentration and average particle size
long the furnace length. Operating condition: methane (fuel) flow rate of 1 L/min
nd an oxygen (carrier gas) flow rate of 10 L/min.

ame temperature and the total residence time. Similar trends
ere also obtained in our previous simulation results [4]. The

ffects of fuel flow rate and carrier gas flow rate are summarized in
he inset of Fig. 2.

.2. Effect of flow rate of methane as a fuel source

To investigate the effect of the methane flow rate on the synthe-
ized particles, we selected flow rates of 1.0, 0.8, and 0.5 L/min, i.e.,
onditions (A), (B), and (C) in Fig. 2, respectively, at a constant car-
ier gas flow rate of 10 L/min as indicated by the table in the inset
f Fig. 2. For (A), changes in monomer number concentration and
ean particle size are shown in Fig. 3. The tungsten oxide particles

ecreased in size along the flame reactor due to solid evapora-
ion. Approximately 4 cm from the burner inlet, all tungsten oxide
articles were transformed into tungsten oxide vapors. Solid evap-
ration caused the monomer number concentration to increase.
ungsten oxide remained in the vapor phase until the temperature
rofile declined at approximately 10 cm in the flow direction. Satu-

ation condition was promoted by cooling the flame reactor. Under
upersaturation conditions, homogenous nucleation occurs to pro-
ote the emergence of new particles called clusters. Under this

ondition, the first nucleation occurs approximately 12 cm from
he burner surface. Approximately 29 cm from the burner surface,

ig. 4. (a) Evolution of the particle size distribution along the flame reactor from the tip o
imulated results, and (b) comparison of the simulated and experimentally particle size d
enerated tungsten oxide particles. Operating condition: methane (fuel) flow rate of 1 L/m
Fig. 5. Change in the monomer number concentration and average particle size
along the furnace length. Operating condition: methane (fuel) flow rate of 0.8 L/min
and an oxygen (carrier gas) of 10 L/min.

most monomers had undergone nucleation. Nanoparticle growth
that results in increased particle size occurred via coagulation and
surface condensation.

Fig. 4a shows the evolution of the particle size distribution for
synthesis condition (A), i.e., a methane flow rate of 1 L/min. From
the burner surface, x/L = 0, along the length of the flame reactor to
the end of the flame reactor at x/L = 1.0. x represents the distance
from the burner surface, and L is the flame reactor length. Results of
this calculation show that all initial polydispersed, submicrometer
tungsten oxide particles evaporated and then reformed to generate
nanoparticles. The number of particles decreased, while the mean
size increased to 10.1, 16.2, and 19.1 nm at x/L = 0.3, 0.6, and 0.8,
respectively, due to coagulation. The morphology of the generated
particles obtained from the particle collector is shown in the FE-
SEM image in the inset of Fig. 4a. At x/L = 1.0 from the burner surface,
the geometric mean diameter was 21.5 nm with a geometric stan-
dard deviation of 1.5, and the particle size distribution is depicted in
Fig. 4b. Agreement between the experimental and simulated results
at the end of the reactor (x/L = 1.0) is also evident in the figure.

Changes in monomer number and mean particle size along the

flame reactor under synthesis conditions (B), i.e., a methane flow
rate of 0.8 L/min, are shown in Fig. 5. According to the simulated
results, all particles were evaporated at a position 6 cm from the
burner surface. The first clusters appeared approximately 8.5 cm

f flame burner, x/L = 0 to the end of the flame reactor, x/L = 1.0 determined from the
istributions of the generated tungsten oxide particles. Inset: FE-SEM image of the
in and an oxygen (carrier gas) flow rate of 10 L/min.
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ig. 6. (a) Evolution of the particle size distribution along the flame reactor from th
imulated results, and (b) comparison of the simulated and experimentally particl
enerated tungsten oxide particles. Operating condition: methane (fuel) flow rate o

rom the burner surface. Most monomers were nucleated 23 cm
rom the burner surface. The evolution of the particle size distribu-
ion along the flame reactor under this condition is shown in Fig. 6a.
egeneration of particles from the vapor phase by nucleation, coag-
lation and surface condensation resulted in the particles growth,
uch that the particles were 10.2, 15.4, and 17.9 nm at x/L = 0.3, 0.6,
nd 0.8 cm from the burner surface. The inset of Fig. 6a shows the
orphology of the generated particles obtained from the particle

ollector. Within the vicinity of the flame reactor (x/L = 1.0), the
eometric mean diameter and standard deviation predicted by the
imulation were 20.0 nm and 1.5, respectively. Comparison of the
article size distributions obtained from the simulated and exper-

mental results revealed good agreement, as shown in Fig. 6b.
For a fuel flow rate of 0.5 L/min, i.e., synthesis condition (C), a

imodal size distribution was observed because supersaturation
ccurred prior to complete evaporation. The temperature distri-
ution was too low to allow complete evaporation of the starting
aterial. Agreement between the simulated and experimentally

etermined final particle size distribution is evident in Fig. 7.

ubmicrometer particles, which resulted from evaporation of the
tarting material, and nanoparticles were detected, as shown by the
E-SEM image in the inset of Fig. 7. Nanoparticles formed via regen-
ration of tungsten oxide monomers by nucleation, coagulation
nd surface condensation, whereas submicrometer size particles

ig. 7. Comparison of the simulated and experimentally particle size distribution of
enerated tungsten oxide particles. Inset: FE-SEM image of the generated tungsten
xide particles. Operating condition: methane (fuel) flow rate of 0.5 L/min and an
xygen (carrier gas) of 10 L/min.
f flame burner, x/L = 0 to the end of the flame reactor, x/L = 1.0 determined from the
distribution of the generated tungsten oxide particles. Inset: FE-SEM image of the
/min and an oxygen (carrier gas) of 10 L/min.

remained due to incomplete evaporation of the initial tungsten
oxide particles. In addition, precursor having polydispersed par-
ticle size distribution, smaller particle size had higher evaporation
rate than that of larger one resulting product with bimodal particle
size distribution. For larger particle size, supersaturation had been
reached before full evaporation occurred [4].

4.3. Effect of carrier gas flow rate

At a constant methane flow rate of 1 L/min, which was main-
tained by a carrier gas flow rate of 2 L/min (condition D), the
simulation indicated that full evaporation of the feed material
occurs more rapidly compared with a carrier gas flow rate of
10 L/min (condition A). Tungsten oxide was in the vapor phase
approximately 2 cm from the burner surface because all feed mate-
rial was evaporated, as shown in Fig. 8. The first cluster appeared
approximately 10 cm from the burner surface due to supersatura-
tion. Tungsten oxide vapor was not detected 21 cm from the burner
surface. The evolution of the particle size distribution along the
flame reactor using a carrier gas flow rate of 2 L/min and a fuel flow

rate of 1 L/min (condition D) is summarized in Fig. 9a. The geometric
mean diameters at x/L = 0.3, 0.6 and 0.8 were 24.2, 36.7, and 42.8 nm.
The number concentration decreased with the length of flame reac-
tor due to coagulation and surface condensation. The simulated

Fig. 8. Change in the monomer number concentration and average particle size
along the furnace length. Operating condition: methane (fuel) flow rate of 1 L/min
and an oxygen (carrier gas) of 2 L/min.
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ig. 9. (a) Evolution of the particle size distribution along the flame reactor from th
imulated results, and (b) comparison of the simulated and experimentally particl
enerated tungsten oxide particles. Operating condition: methane (fuel) flow rate o

esults were over-estimated by 15.3% compared with the exper-
mental results, as shown in Fig. 9b. This result indicates that under
hese conditions, tungsten oxide undergoes grain growth and den-
ification as shown in the FE-SEM image in the inset of Fig. 9a. Grain
rowth and densification were ignored in the simulation because of
o sintering data of WO3 particles was found. The grain growth and
ensification of particles can be obtained quantitatively such the
uantitative measurement of particle aggregation and agglomera-
ion by dynamic light scattering [23]. The limitation of the current
esearch will become consideration in the future investigation.

. Conclusions

Tungsten oxide nanoparticle formation using polydispersed
nd non-spherical submicrometer-micrometer sized in a solid-fed
ame synthesis was studied numerically and the results were vali-
ated experimentally. From numerical results, it can be concluded
hat nanoparticles can be produced if evaporation of feed material is
omplete before the tungsten oxide vapor becomes supersaturated.
his result was obtained using a methane flow rate of 0.8 or 1 L/min
nd a carrier gas flow rate of 10 L/min. For a methane flow rate of
.5 L/min and a carrier gas flow rate of 10/min, a bimodal particle
ize distribution was obtained. When the methane flow rate was
L/min, decreasing the carrier gas flow rate to 2 L/min increased

he size of generated particles because they had both a higher tem-
erature distribution and a longer residence time. The simulation
sed in the present study gives a relatively accurate prediction
f the final particles size distribution that results from fed-
ame synthesis using a polydispersed and non-spherical starting
aterial.
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