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Analysis of iron particle growth in aerosol reactor by a discrete-sectional model
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Abstract—The growth of iron particles by thermal decomposition of Fe(CO); in a tubular reactor was analyzed by
using a one dimensional discrete-sectional model with the coalescence by sintering of neighboring particles incorpo-
rated in. A thermal decomposition of Fe(CO); vapor to produce iron particles was carried out at reactor temperatures
varying from 300 to 1,000 °C, and the effect of reactor temperature on particle size was compared with model pre-
diction. The prediction exhibited good agreement with experimental observation that the primary particle size of iron
was the largest at an intermediate temperature of 800 °C. Model prediction was also compared with Giesen et al.’s [1]
experimental data on iron particle production from Fe(CO);. Good agreement was shown in primary particle size, but a
considerable deviation was observed in primary particle size distribution. The deviation may be due to an inadequate
understanding of the sintering mechanism for the particles within an agglomerate and to the assumption of an ideal
plug flow in model reactor in contrast to the non-ideal dispersive flow in actual reactor.
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INTRODUCTION

Iron particles of nanometer size find uses in magnetic recording
media, catalysts, and ceramics for medical and pharmaceutical ap-
plications. One of the versatile techniques for producing nanosized
iron particles is the thermal decomposition of iron pentacarbonyl,
Fe(CO),. Hofimeister et al. [2] used a CO, laser as energy source
for the decomposition of Fe(CO);. While, electrically-heated tubu-
lar reactors were used in other studies [1,3,4]. These gas-phase reac-
tors where particles of aerosol size are produced are called aerosol
reactors. Choi et al. [4] reported that the primary particle size in-
creased with increasing reactor temperature over 400 to 1,100 °C.
Park et al. [3] monitored the growth of iron particles along the reac-
tor by investigation of the particles deposited i» sifu on transmis-
sion electron microscopy grid, and concluded that the coalescence
by sintering between neighboring particles within an agglomerate
played an important role in the particle growth. Recently, the influ-
ence of the coalescence on the particle size was simulated with a
moment model incorporated in Fluent, a computational-fluid-dynam-
ics code [1]. Their model prediction showed good agreement with
experimental data, with the activation energy of surface diffusion
adjusted to consider the size-dependency of the melting tempera-
ture of nanoparticles. The moment model is based on an a priori
assumption of log-normal particle size distribution, and its accu-
racy strongly depends on the validity of the assumption.

In the meantime, sectional and discrete-sectional models were
developed to overcome the disadvantage of the moment model. In
the sectional model, a continuous size spectrum is approximated
by a set of sections, within which all particles are assumed to be of
the same size, or a functional form of the size distribution is speci-
fied. Xiong and Pratsinis [5] reported a two-dimensional sectional
model with particle volume and area as coordinates, enabling pre-
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diction of sizes and distributions of agglomerates and primary parti-
cles as well, but required enormous computation time to calculate
the quadruple integrals for coagulation and sintering coefficients.
Simpler one-dimensional sectional models comparable to the two-
dimensional model were proposed later by Tsantilis and Pratsinis
[6] and Jeong and Choi [7]. The two models differ in the method
of approximating the particle size distribution in a section. In the
model of Tsantilis and Pratsinis, a representative size was assumed
for all the particles in a section, while in the model of Jeong and
Choi, the size distribution was assumed to be constant at the mean
value determined so that the number of particles in the section can
be conserved. The model by Cheong and Choi employs two sets
of differential equations: one for the volume and the other for the
surface area. By solving the equations simultaneously, the volume
and the surface area of each section were obtained, from which av-
erage primary-particle size in the section was determined.

The discrete-sectional model is a modification of the sectional
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Fig. 1. Illustration of discrete and sectional regimes. N,; and n(u, t)
represent the number of i-mers per unit volume of gas in
the discrete-regime and the number distribution function
for particles of volume u in the sectional regime, respectively.
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Fig. 2. Schematic drawing of experimental apparatus for thermal
decomposition of Fe(CO), vapor.

model; the particle size distribution is discretized up to a certain
size past which it is represented as sectional, as shown in Fig, 1.
Park and Rogak [8] developed a discrete-sectional model, in which
the number of primary particles in each section, rather than the sur-
face area, was taken as a dependent variable. Recently, we devel-
oped a discrete-sectional model [9], similar to Jeong and Choi’s mod-
el in that the volume and surface area equations were used, but dif-
fer in that the surface area equations were formulated in such a way
that the coagulation integrals calculated for the volume equations
could be used by the area equations as well, thereby reducing com-
putation time and memory.

This paper applies our discrete-sectional model to particle-growth
analysis of iron produced by thermal decomposition of Fe(CO); in
a hot-wall reactor. Model predictions were compared with our and
Giesen et al.’s [ 1] experimental data.

EXPERIMENTAL

The experimental setup, as shown in Fig. 2, consists of a bub-
bler immersed in a water bath for Fe(CO); vaporization, a tubular
furnace, and a particle collector. Nitrogen gas (99.999%) was passed
at a rate of 92 ml/min, measured by a mass flow meter, to the bubbler
for the gas to be loaded with Fe(CO); vapor. Dilution nitrogen was
provided to control the residence time in the reactor. The two flows
were combined into one prior to the reactor. The reaction tube is
made of alumina, measuring 2.4 cm in diameter and 60 cm in length,
and heated by an electric heater. Produced Fe particles were col-
lected with a Teflon membrane filter (Cole-Parmer, Model Zix 90C),
the pore size of which is 0.2 um. For the measurement of particle
shape, size, and distribution, a TEM (Carl Zeiss, Model EM912
Omega) was used. From an image obtained by scanning the TEM
micrograph, about 300 primary particles were selected and their
sizes were determined to calculate the number average diameter
by using a computer program (Image pro plus 4.0, MediaCybemet-
ics) in which the number of pixels occupied by a particle is counted
and converted into a diameter.

Operating parameter variables with the present experimental set-
up would be reactor set temperature, carrier gas flow rate, and pre-
cursor concentration. In the present study, however, only the reactor
temperature was taken as variable and varied from 300 to 1,000 °C,
holding the precursor concentration at 1.18x 10~ mol/L and the car-
rier gas rate at 30 cm’/s. The effect of reactor temperature on par-
ticle morphology and size is our prime concern since the tempera-
ture effect on particle size has been controversial among investiga-
tors for titania particles with similar preparation methods [10].
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MODELING OF PARTICLE GROWTH

In aerosol reactors, condensable product molecules are initially
formed by chemical reaction. The condensable molecules then self-
nucleate to form a cloud of stable nuclei that grow subsequently by
collision to larger particles. The rate of change of particle numbers
with respect to time and particle size can be represented by the GDE
also called as the Population Balance Equation (PBE) [11] as fol-
lows:

%1 + 5—(§V“) “1(V)Ev-v7)

= %J:ﬁ(v— u,u)n(v—u,t)n(u,t)du—n(v,t) .[Oxﬁ(v, w)n(u,t)du (1)

The first term of the left-hand side (LHS) is the rate of change of
total number of particles in the particle volume from v to v+dv. The
second LHS term is the loss or gain of number of particles by con-
densation at a rate G The third LHS term is the rate of formation
of new particles of critical volume v" at a rate of I. The two right-
hand-side (RHS) terms are the gain and loss of particles by coagu-
lation, respectively, in the particle volume from v to v-+dv.

By applying the discrete-sectional method to the GDE, the rate
of change of volume and surface area of discrete particles or par-
ticles in a section can be represented by ordinary differential equa-
tions, as shown earlier [9]. These differential equations were solved
by using an ordinary differential-equation solver “ODEINT” [12],
with the parameters in Tables 1 and 2 and the assumption of a product
monomer as a nucleus. This assumption may be reasonable because
the number of iron atoms composing a nucleus is calculated to be

Table 1. Simulation conditions for comparison with present exper-
imental data

Reactor set temperature (°C) 300, 500, 800 and 1,000

Initial Fe(CO); concentration  1.18x107°
at STP (mol/L)
Gas flow rate at STP (cm’/s) 30
Reaction order 1.0
Rate constant (s™) k,=1.93x 10°exp(— %} (1]

4/3
ﬁzo_ogl‘fv_T(M) [18]
70Dy 47m

D,,=5.2x10* cm?¥/s

Sintering time equation
Surface diffusion coefficient
D,s=Dyu exp(%%"’) E =221 kJ/mol [19]

Lattice spacing factor, §(cm) ~ 2.872x107
Surface tension, y (erg/cm?) 1,000

Table 2. Simulation conditions for comparison with experimen-
tal data of Giesen et al. [1]

Reactor temperature (°C)

400, 600 and 800

Initial reactant concentration at STP (mol/L) 1.784x10™
Reactor residence time (s) 3.17-3.95
Inside diameter of the reactor (cm) 22

Flow rate of gas at STP (cm?/s) 50

Reactor length (cm) 160
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smaller than 2.0 for the simulation condition in Table 1.
From the total particle volume in the K" section, V,,, and the par-
th

ticle surface area, A, the primary particle diameter, d,;, of the k
section was calculated as follows:

dpk:6\/xk/ Ay ()

The particle number concentration in the K" section, N,;, was
determined by the following equation [13]:

Noy=(V/AvIn(v,/v;_) 3

The section spacing factor or the ratio of the volume range of a sec-
tion to that of the section smaller by one unit, f,, was set at 2.05.
The number of discrete sizes, i,,,,, was 20. The number of discrete
sizes greater than 18 was reported to be sufficient [14].

The coagulation coefficient, £, for two colliding agglomerates
was used as follows [15]:

A2a(d+d,XDAD)f, @

where d,; and d,; are the collision diameters, D, and D; are the dif-
fusion coefficients for the two agglomerates, and f;, is a correction
factor to cover the entire size region from the free molecular to the
continuum region [15]. The collision diameter of a spherical particle
is its diameter and the collision diameter of an agglomerate com-
posed of primary particles was determined from the equation pro-
posed by Matsoukas and Friedlander [16], with a mass fractal di-
mension at 1.8.

The entire time span was divided into a number of time steps.
The coagulation integrals and the sintering time were updated every
time step by using the primary particle diameter at the previous time
step.

RESULTS AND DISCUSSION

The reactor temperature is not constant over the entire length of
the reactor. It was constant in the central zone, but decreased to-
wards both ends. Actual temperature profile was fitted by a func-
tion in model simulation. The size range is 0.283 nm (monomer
diameter) to 0.769 nm (20-mer diameter) for the discrete regime
and 0.769 nm to 1 um for the sectional regime.

1. Comparison of Model Prediction with Present Experimen-
tal Data

Fig. 3 shows the TEM images of iron particles from the thermal
decomposition of Fe(CO); vapor with the reactor temperature vary-
ing from 300 to 1,000 °C, holding the concentration of Fe(CO); at
1.18x107° mol/L (STP) and the gas flow rate at 30 cm’/s (STP).
All the particles exhibited chain-like structures. The primary parti-
cle size increased with temperature increase up to 800 °C, and then
decreased as the temperature was further increased to 1,000 °C. A
similar phenomenon was observed by Nakaso et al. [17] for titania
produced from either thermal decomposition of titanium tetraiso-
propoxide or oxidation of titanium tetrachloride in a tubular aero-
sol reactor at reactor temperature ranging from 800 to 1,400 °C. The
primary particle size of titania showed a maximum at an interme-
diate temperature of about 1,200 °C.

The variation of primary particle size with reactor temperature
was simulated with the present model by using the conditions in
Table 1. Model prediction showed good agreement with experimen-
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Fig. 3. TEM images of iron particles with reactor temperature var-
ying from 300 to 1,000 °C.
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Fig. 4. Effect of reactor temperature on primary particle size with
initial Fe(CO); concentration at 1.18x107° mol/L.

tal data, as shown in Fig. 4. An increase of the reactor temperature
would have two opposing effects: one to increase and the other to
decrease the primary particle size. The sintering rate of the primary
particles within an agglomerate should increase with temperature
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to increase the size. Whereas, the time available for sintering is re-
duced corresponding to the decrease in reactor residence time due
to gas volume expansion, and the temperature-dependent nucle-
ation should be greater resulting in less availability of resources per
nucleus for growth by condensation and surface reaction, leading
to smaller primary particles. The number of primary particles com-
posing an agglomerate or agglomerate size before a major stage of
sintering between primary particles sets in may be another impor-
tant factor in determining the final primary particle size. Fig. 5 shows
that the number of primary particles increased initially by coagula-
tion showed a maximum and then decreased due to a coalescence
of neighboring particles by sintering. The number of particles at
the maximum was higher at 800 °C by an order of magnitude than
at 1,000 °C. At both temperatures, the average number of primary

particles per agglomerate decreased to nearly one at the reactor exit,

indicating that the primary particles had coalesced almost completely.
Under such a condition of nearly full coalescence, the primary par-
ticle size must depend on the maximum number of primary parti-
cles prior to the coalescence by sintering. Thus, various effects come

into play with an increase in reactor temperature. An overall effect
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was to decrease the primary particle size as the temperature was
increased from 800 to 1,000 °C.

Fig. 6 shows the distributions of agglomerate size in volume equiv-
alent diameter at 1, 30 and 60 cm from the reactor inlet, with the
reactor temperature at 500 °C. In the early stage of particle growth
or at 1 cm, a bimodal size distribution appeared because of incom-
plete depletion of monomers and clusters. These discrete particles
were removed later by deposition on larger particles or agglomer-
ates, making the size distribution mono-modal at the locations of
30 and 60 cm. The difference in size distribution was marginal be-
tween 30 and 60 cm, implying that the particle growth occurred
primarily within the first half of the reactor length.

2. Comparison with Experimental Data by Giesen et al. [1]

Model predictions were compared with experimental data by Gie-
sen et al. [1], with the operating conditions in Table 2 and the phys-
ical properties, the reaction rate and the sintering equation given in
Table 1.

Fig. 7 shows a comparison in primary particle size between mod-
el prediction and experimental data. Considering many uncertain-
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Fig. 5. Axial variation of average number of primary particles per
agglomerate at four reactor temperatures, 300, 500, 800

and 1,000 °C.
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Fig. 7. Effect of reactor temperature on primary particle size with
initial Fe(CO); concentration at 1.784x10™* mol/L.
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Fig. 8. Axial variation of average number of primary particles per

agglomerate with varying reactor temperature.
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ties involved in the model, fairly good agreement was reached. The
primary particle size is more temperature-sensitive by model pre-
diction, probably due to an over-estimation of the activation energy
for sintering. The number of primary particles per agglomerate along
the reactor length is shown in Fig. 8 with varying reactor set tem-
perature. The number of primary particles per agglomerate at the
reactor outlet was about 1,000 and 100, respectively, at 400 and 600
°C. The number decreased to nearly one at 800 °C, implying that
the particles exiting the reactor at that temperature are nearly spheri-
cal, not in agglomerated form.

The primary-particle size distributions were compared between
model prediction and experimental data at three reactor temperatures,
400, 600, and 800 °C. The results are shown in Figs. 9, 10 and 11,
respectively. In these figures, the normalized number fraction is de-
fined by the particle number in a size segment divided by the largest
particle number among size segments. At 400 °C, the distribution
was narrower by model prediction, the peak appearing at the right
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Fig. 9. Comparison between simulation and experimental data of
primary particle size distribution at a reactor temperature
of 400 °C.
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Fig. 10. Comparison between simulation and experimental data
of primary particle size distribution at a reactor tempera-
ture of 600 °C.

end, as shown in Fig, 9. A similar distribution was reported for titania
by Tsantilis and Pratsinis [6]. The size corresponding to the peak
may be the maximum size attainable by sintering at that tempera-
ture. The smaller primary particles are expected to eventually grow
to the maximum size provided with a longer residence time in the
reactor, yielding a mono-dispersed distribution.

At a higher temperature of 600 °C the sintering appears to have
proceeded so sufficiently in all agglomerates that mono-dispersity
could be attained, as shown in Fig. 10. The primary-particle size
distributions predicted by the present model deviate considerably
from experimental observations. The assumption used in the model
that the primary particle size is uniform within a section may be a
reason for the deviation. Another reason may be in the residence
time distribution. In the model, a uniform residence time distribu-
tion was assumed, while in the experiments the distribution was
probably not uniform by examining the geometry of the reactor and
the experimental conditions including the gas flow rate.

As the temperature was increased to 800 °C, the size distribution
predicted by model broadened remarkably, as shown in Fig. 11. It
turned even broader than experimental data. At this temperature,
all the particles in an agglomerate have been nearly coalesced into
a spherical particle, as shown in Fig, 8. In this situation, the particle
size is determined by the agglomerate size before the coalescence
of the primary particles, which is distributed broadly. The particle
size, therefore, should exhibit a broad distribution.

CONCULSION

The growth of iron particles by thermal decomposition of Fe(CO),
in a tubular reactor was analyzed by using a one dimensional dis-
crete-sectional model, taking into account the coalescence by sin-
tering of neighboring particles within agglomerate. A unique feature
of the model is that most of the integrals calculated for the volume
equations could be used for the surface area equations as well, there-
by reducing computational load. Model predictions were compared
with two sets of experimental data, showing good agreement with
experimental data in primary particle size, but a considerable devi-
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Fig. 11. Comparison between simulation and experimental data
of primary particle size distribution at a reactor tempera-
ture of 800 °C.
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ation in primary particle size distribution. The deviation may be
due to an inadequate understanding of the sintering mechanism for
the particles within an agglomerate, and to the assumption of ideal
plug flow in the reactor in contrast to the non-ideal dispersive flow
in an actual reactor.
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NOMENCLATURE
A, :total surface area of particles in the i" section per unit vol-
ume of gas [cm’ cm™?]
D, :diffusion coefficient for the agglomerates in the i" section
[cm®s™]
d, :collision diameters of agglomerates in the i" section [cm]
d, :primary-particle diameter in the i" section [cm]

d, :volume equivalent diameter of agglomerate [um]

D,, :diffusion coefficient for surface diffusion [cm*s™']

D,, :pre-exponential factor of the surface-diffusion equation in
Table 1 [cm*s™']

E, .  activation energy for surface diffusion in Table 1 [kJ mol™]

f,  :correction factor to cover both free-molecular and contin-
uum regime

f, : section spacing factor

G :particle growth rate by condensation [cm’ s7']

1 : nucleation rate of product monomer [molecules cm™]

: maximum number of nuclei composing a discrete particle

k, :Boltzmann constant [erg molecule ' K™']

k., :reaction rate constant [s']

n(u, t) n(v, t) : size distribution function for particle volume u and
v, respectively [em ]

N, :total number of i-mers per unit volume of gas [cm™]

N,y total number of particles in the k" section per unit volume
of gas [cm™]

t : time [s]

T : temperature [K]

u,v :agglomerate or particle volume [cm’]

v, :monomer volume [cm’]

v*  :critical volume in Eq. (1) [em’]

Vi1 lower limit of the particle volume of the k" section [cm’]
v,  :upper limit of the particle volume of the k" section [cm’]

Av, :volume interval of the k" section [cm’]
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V, :total particle volume in the K" section per unit volume of gas
[cm® cm™]

Greek Letters
/Au, v) : collision coefficient for two particles of volume u and v

[cm’ s7']
7, :characteristic coalescence time in the k" section [s]
d  :lattice parameter [cm]|
¥y :surface tension [erg cm™']
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