GWILEY .
InterScience*

AICHE €

Controlling Fine Particle Formation
Processes using a Concentric Microreactor

Hideharu Nagasawa
Frontier Core Technology Laboratories, FUJIFILM Corporation, 577, Ushijima, Kaisei-machi, Ashigarakami-gun,
Kanagawa 258-8577, Japan, and Dept. of Chemical Engineering, Kyoto University, Kyoto-daigaku Katsura,

Nishikyo-ku, Kyoto 615-8510, Japan

Tatsuya Tsujiuchi, Taisuke Maki, and Kazuhiro Mae

Dept. of Chemical Engineering, Kyoto University, Kyoto-daigaku Katsura, Nishikyo-ku, Kyoto 615-8510, Japan

DOI 10.1002/aic.11049
Published online November 30, 2006 in Wiley InterScience (www.interscience.wiley.com).

To clarify the mechanism of fine-particle formation processes in a multilamination type
microreactor that proceeds mainly due to molecular-diffusion-induced mixing, the rela-
tion between the size and distribution, and reaction-operation condition in experimental
and numerical approaches is investigated. For experimental study, a concentric micro-
reactor was used, and titania fine-particle formation was examined as a model reaction.
Based on the hypothesis on the fine-particle formation mechanism, from the experimental
results derived, a relatively simple calculation model was made, and validity demon-
strated by showing the coincidence of the calculation results and the experimental results.
Also, the calculation model was used to establish a technique for predicting the reactant
concentration profiles in the microchannel, particle-growth rate, number of formed par-
ticles, and nucleation region. Thus, the proposed analysis method will be useful as a
guideline for designing microreactors to form fine particles, and will provide industrially
information. © 2006 American Institute of Chemical Engineers AIChE J, 53: 196-206, 2007
Keywords: microreactor, annular multilamination, particle-formation process, fine par-

ticles, titania

Introduction

Particles are now widely used for materials of various kinds
of chemical industry products, such as electronic display, color
inks and medical supplies. The performance of these products
is strongly affected by particle properties, such as the particle
sizes, the distribution of the sizes and the shapes. In recent
years, fine particles, which diameters are 1um or less, and
monodispersed particles have been developed to advance their
functionalities and add value to chemical industry products. In
particular, monodispersed ultrafine particles, which diameters
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are 100 nm or less, are highly required. For example, the drug
delivery system (DDS) of cancer treatment requires monodis-
persed carrier particles of the size 10 — 100 nm for selective
dosing against cancer cells, based on the enhanced permeabil-
ity and retention effect (EPR Effect).' The precise control of
the particle properties, is, therefore, an extremely important
technology for industrial use.

Method of fine-particle formation can be classified into two
categories. One is a breakdown method, a physical method that
mills law materials mechanically. Another is a buildup method, a
chemical method that utilizes chemical reactions or crystalliza-
tion of the gas or liquid phase. The breakdown method is widely
used for actual fine-particle production, but needs a significantly
large amount of power and long processing time, which is expen-
sive. In contrast, the buildup method, in particular that of the lig-
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uid phase is appropriate time, as a fine-particle-formation method
because of reaction controllability and productivity.

The mechanism of particle formation with the buildup method
has long been studied. LaMer et al. proposed the so-called
LaMer diagram, a conceptual diagram to present the particle-
forming process, and explained the nucleation process, and the
particle-growth process emphasizing the relation among the pre-
cursor concentration, the solubility product and the minimum
critical supersaturation.2 The idea became the basis for studying
particle formation, and has been incorporated in many re-
searches. In some cases, particle growth in the aggregation pro-
cess and in other cases precipitation occurs on the surface of
nuclei as in Ostwald ripening. The particle-growth mechanism
has been studied in detail with several models.>

In actual particle production, the interrelation between the
chemical reaction behaviors related to particle forming, and
the physical behaviors, such as mixing condition at the field of
particle formation is an essential factor for determining the par-
ticle properties. High-precision mixing control is required in
order to realize desired particle properties of fine particles,
such as narrow-size distribution. Various types of reactors have
been developed for forming fine particles. For example, micro-
reactors accurately control mixing and the reaction, and, hence,
can be used for controlling particle properties, and many
researchers on fine-particle formation have been performed
with microreactors in recent years.L13 For example, Schenk
et al.’” developed two types of the separation layer mixer,
named concentric and stacked separation layer micromixer,
and presented a new concept for antifouling microchemical
processing with solids precipitation from experimental and nu-
merical approaches. There are two types of mixing in micro-
reactors: convection mixing and precise mixing via interface
by controlled-molecular diffusion.'* Experimental and numeri-
cal researches have been performed on fine particle formation
in convection mixing. Nagasawa et al. developed a new micro-
reactor that utilizes microsegments collision for convection
mixing. The authors conducted experiments on polystyrene
fine particles, and showed that the reactor was useful for form-
ing fine particles with narrow distribution."® Schwarzer et al.
investigated the relation between the mixing and the particle
size and distribution in fine particles formation.'®~'® They con-
ducted fine particles formation of barium sulfate utilizing a
microreactor with T-shaped channel, and estimated the particle
size and distribution of the fine particles by a direct-numerical
simulation (DNS) method, based on the population-balance
equation. They showed that the simulation results coincided
well with the experimental results.!” On the other hand, there
have been several researches on fine-particle formation in pre-
cise mixing via interface by controlled molecular diffusion.
Wille et al. used the multilamination type microreactor devel-
oped by CPC-Systems to form ultrafine pigment particles of a
mean-particle size of 90 nm, and showed that the particles are
smaller in size than those formed by the conventional batch
method.”® Takagi et al. developed a concentric microreactor of
clogging-free structure in the microchannel to form titania fine
particles, and showed that the reactor could form the spherical
fine particles with narrow-size distribution.?!

Thus, it was shown that microreactors are effective for form-
ing fine particles with narrow-size distribution. It was also
shown that the particle size and distribution could be numeri-
cally estimated in the convection mixing type microreactors by
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the DNS method which generally needed much calculation
loads. However, in the precise mixing via interface by con-
trolled-molecular diffusion, the relation between the particle
formation, and the physical behavior, such as mixing condition
at the field of particle formation is not clear and no research
has been performed on the estimation of particle size and dis-
tribution. For this reason, the size-control technology for form-
ing fine particles with narrow-size distribution of the desired
particle size and guidelines for the design of a detailed struc-
ture, and configuration of microreactors has not been estab-
lished. In this study, we clarify the mechanism of particle for-
mation process in the multilamination type microreactor that
utilizes precise mixing via interface by controlled-molecular
diffusion, and analyze methods of estimating the particle-num-
ber distribution in the nucleation and particle-growth pro-
cesses.

Experimental
Reaction scheme for fine-particle formation

In this study, we conducted titania fine particle formation as
a model reaction of fine-particle formation from liquid phases
with the buildup method. The reaction formulas are given in
Egs. 1 and 2

Ti(OC3Hy), + 4H,0 — Ti(OH), + 4CsH,0H (1)
Ti(OH), — TiO, - xH,0 + (1—x) - H,0 )

This reaction by the alkoxide hydrolysis has an advantage in
industrial productivity since the reaction is fast at room-tem-
perature forming high-purity fine metal particles. However, the
high-reaction rate makes it difficult to control, that is, high-pre-
cipitation rate and small solubility product.

In this experiment, we used the following reactant solutions:
1-octanol solution (Reactant A) of titanium tetraiso propoxide
(TTIP: Ti(OC3H7),4) and isopropanol solution (Reactant B) of
water.

Experimental setup and reactors

Figure 1 shows the overview of the experimental setup. A
50 mL glass syringe, and a 60 mL of plastic syringe were filled,
respectively, with the two reaction solutions, Reactant A and
Reactant B, which were sent to a microreactor by microfeeder
(KD Scientific; IC-3210).

Figure 2 presents the microreactor of concentric that we used
in the experiment. The microreactor consists of a transparent
glass pipe (external pipe) of inner dia. (IDy ayer ) 1,500 pm, and
a stainless pipe (internal pipe) of outer dia. (ODy ayer ) 460 um
and inner dia. (IDpayer a) 320 pm. The pipes are placed
coaxially, forming a dual pipe structure. The dual pipe structure
connects to a microreaction channel of length (L) 191 mm, that
is formed by the external pipe. A thermo jacket surrounds the
external pipe for temperature control. Reactant solution is intro-
duced in each of the inner and outer pipe areas in the dual-pipe
structure of the microreactor. In the microreaction channel, two
stratified flows are generated and fine particles are formed in the
interface between the two reactant solutions. The flow generated
in the inner pipe is called Layer A, and that generated in the
outer pipe is called Layer B. This reaction operation method has

DOI 10.1002/aic 197



Microfeeder
(Reactant A)

Micro-feeder
(Reactant B)

=i

Micro-feeder
Iso-Propanol
for Cleaning Microreactor
Evaluation
Glass vessel DLS
(Sampling) SEM, TEM
Stirrer

Figure 1. Experimental setup.

a distinguished feature: The diameter of the inner laminar flow
of the annular currents can be controlled by changing the vol-
ume flow rate of the inner and outer reactant solutions, without
changing the structure of the microreactor, and that the tempera-
ture gradient and concentration gradient in the interface between
the two solutions can be controlled by changing the temperature
and concentration of the outer layer solution. Another feature is
that the interface between the two reactant solutions in the
microreaction channel does not touch the pipe walls, and, hence,
technical problems, such as clogging do not arise since formed
fine particles do not adhere to the wall.

To show the technical superiority of the fine-particle forma-
tion technique with the microreactor, we also conducted an
experiment by using a conventional method with a typical-
batch reactor for comparison.

Experimental conditions

The nucleation and particle growth of titania fine particles
vary with the relation among the reactant concentrations in the
reaction field, minimum critical supersaturation, and solubility.
In the multilamination type microreactor that utilizes a molecu-
lar-diffusion-induced mixing process, the reactant concentra-
tion in the reaction field changes dynamically in the flow direc-
tion z [m], and the radial direction r [m] of the annular pipe’s
microchannel perpendicular to the flow direction, since the
molecules diffuse as they flow in the microchannel. Therefore,
in consideration of Fick’s law, the molecular diffusion time of
reactants, and the concentration gradient are important factors
in clarifying the mechanism of the dynamic fine-particle for-
mation process.

According to the earlier view, to investigate the relation
between the reaction control condition and the size and distri-
bution of formed titania fine particles, we used the following
parameters in the concentric microreactor experiment: (a)
mean-residence time Taye. [s], (b) TTIP concentration Crrip
[vol. %] of the TTIP-1-octanol solution (Reactant A), and (c)
water concentration Cyger [VOl. %] of the water-isopropanol
solution (Reactant B). The common experimental conditions
set as follows: (1) TTIP-1-octanol solution (Reactant A), and

198 DOI 10.1002/aic

Published on behalf of the AIChE

water-isopropanol solution (Reactant B) were put, respectively,
in Layers A and B, (2) the volume-flow rate of Reactant A, O
[mL/min], and of Reactant B, Oz [mL/min], were set to make
the ratio of the mean-linear velocities V4 [m/s] and Vg [m/s],
that is, VRaio (= Va/Vp), constant, and (3) the reaction tempera-
ture Temp. [K] was set to room-temperature (about 298 K).

Table 1 shows the experimental condition of each parameter.
In the experiment (Table 1a) on the effect of the mean-resi-
dence time Tay.. in the microreactor, we changed Ta,.. in the
range from 0.7 to 4.5 s by changing Q4 and Qp with Vrao
being kept constant. With these parameters, the mean-linear
velocity Vaye. in the microreaction channel was 0.04-0.26 m/s,
and Reynolds number Re, which was calculated by Vaye.
ID\ ayer B/VAve., Where v4,, was the coefficient of kinematic vis-
cosity of the mixed solution (= 4 x 107> m?%/s) was smaller
than 96. This indicates that a laminar flow state was well
formed, and a stable reaction interface was created, which was
confirmed in visualization experiments. In the experiment, the
TTIP concentration Crrip of Reactant A and the water concen-
tration Cwger Of Reactant B, were set as Crrp = 1.0 vol. %
and Cwaer = 34.0 vol. %. In the experiment (Table 1b) on the
effect of the TTIP concentration Crrpp of Reactant A, we chose
04 = 340 mL/min, Qg = 23.71 mL/min, and Cwaer =
34.0 vol. %, and changed Crrp in the range from 1.0 to
9.0 vol. %. In the experiment (Table 1c) on the water concen-
tration Cw,.er Of Reactant B, we chose Q4 = 3.40 mL/min,
Op = 23.71 mL/min, and Ctrp = 1.0 vol. %, and changed
Cwater in the range from 10.0 to 50.0 vol. %.

In the comparative experiment with the batch reactor, we
put 23.71 mL of 34.0 vol. % water-isopropanol solution (Reac-
tant B), and a stirrer in a 30-mL sample vessel at room-temper-
ature (about 298 K). While stirring the solution at a rotation
speed 500 rpm, 3.40 mL of 1.0 vol. % Reactant A were quickly
added to Reactant B with a pipette. The solution-adding time
was appropriately controlled to compare with the result (T'aye. =
0.7 s) of the experimental condition Ta-1 in the concentric
microreactor.

The fine particle samples produced were served to a dynamic
light scattering nanoparticle size analyzer (LB-550, HORIBA,
Ltd.: DLS) to measure the mean size and distribution of the
formed titania fine particle samples, and served to a scanning
electron microscope (JEOL, Ltd.: SEM), and a transmission
electron microscope (JEOL, Ltd.: TEM) to make qualitative
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Figure 2. The microreactor: (a) the overview, and (b) the
dimensions.
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Table 1. Experimental Conditions for the Formation of Titania Fine particles Using the Concentric Microreactor

(a) Average Residence Time"

Flow Rate [mL/min]

Ave. Velocity [m/s]

Reynolds Ave-Residence
Test No. Oa [ Va Vg Vave. Number [—] Re Time [s] T ove.
Ta-1 3.40 23.71 0.71 0.25 0.26 95.9 0.7
Ta-2 1.70 11.86 0.35 0.12 0.13 47.9 1.5
Ta-3 1.13 7.90 0.24 0.08 0.09 32.0 2.2
Ta-4 0.85 5.93 0.18 0.06 0.06 24.0 3.0
Ta-5 0.68 4.74 0.14 0.05 0.05 19.2 3.7
Ta-6 0.57 3.95 0.12 0.04 0.04 16.0 4.5

(b) TTIP Concentration in the Reactant A®

TTIP Concentration in the

(c) H,0 Concentration in the Reactant B

H,O Concentration in the

Test No. Reactant A [vol. %] Ctrip Test No. Reactant B [vol. %] Cyater
Tb-1 1.0 Tc-1 10.0
Tb-2 3.0 Tc-2 20.0
Tb-3 5.0 Tc-3 30.0
Tb-4 7.0 Tc-4 40.0
Tb-5 9.0 Tc-5 50.0

Crip = 1.0 vol. %, Cyater = 34.0 vol. %, Temp = R.T. (=298 K).

°04 = 3.40 mL/min, Qp = 23.71 mL/min, Cyyer = 34.0 vol. %, Temp = R.T. (=298 K).
€04 = 3.40 mL/min, O = 23.71 mL/min, Cpip = 1.0 vol. %, Temp = R.T. (=298 K).

analysis of the mean size and distribution, and observe the
shape of the fine particles.

Experimental Results and Discussion

Performance of titania fine particles formation on the
concentric microreactor

We first performed an experiment to study the titania fine-
particle formation performance of the concentric microreactor
that we used. Figure 3a shows the size distribution of the fine
particles formed in the microreactor under the experimental
condition Ta-1, and that of the fine particles formed in a con-
ventional-stirred vessel with the batch method under a suffi-
ciently strong stirring condition. For the fine particle produced
by microreactor, the median diameter Dp 5o, was 47.5nm, coef-
ficient of variation CV, was 24.23 %, which represents the
spread of the particle-size distribution. Figure 3b is a SEM
photograph of the fine particles formed in each experimental
unit. It was shown that the size distribution of fine particles
formed in the microreactor were narrower than those formed in
the stirred vessel. Thus, it was characteristic that the particles
formed in the microreactor tended to be smaller, as seen in the
SEM photograph. This result shows a similar tendency to our
findings (Takagi et al.'*). This result of the median diameter
agrees well with the one previously obtained under similar
experiment conditions. We consider that such fine particles
having narrow-size distribution were formed in the laminar
flow for the following reason: The mixing of the reactants that
would form titania fine particles occurred mainly due to the
molecular diffusion via interface in the laminar flows of Reac-
tants A and B, and, hence, the process of the nucleation and
particle growth in the fine-particle formation was more ordered
than that in the random mixing due to the turbulence-created
vortices with the batch method. We can, therefore, expect from
these characteristics that the multilamination type microreactor
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that utilized the molecular diffusion induced mixing process
could realize accurate control of the particle size and distribu-
tion, which was difficult with the conventional-batch method.

In the case of a liquid-phase reaction by the molecular diffu-
sion of two reactants, which are almost same molecular weight
like this experiment, the diffusion rates of the reactants are
almost same, so that the reaction would be conducted under the
equivalent concentration condition. However, all reactions of
fine-particle formation would not be like this type. For exam-
ple, in the case of using two reactants which are quite different
molecular weights, the diffusion rates are different in natural,
and the reaction would proceed under undesired condition. In
such a case, a proper diffusion state should be constructed so
that both reactants encounter each other one by one. Now, we
could design a multilamination structure with equivalent diffu-
sion rates by changing lamination width, temperature or con-
centration profile.

Influence of the operation parameters

Figure 4 shows the experimental result of the median diame-
ter and the coefficient of variation CV under various opera-
tional conditions. Figure 4a, b, and c, respectively, show the
effects of the mean-residence time T, in the microreactor,
the TTIP concentration Ctrp of Reactant A in Layer A, and
the water concentration Cyy e, Of Reactant B in Layer B.

From Figure 4a, it was shown that the median diameter
increased with the mean-residence time 7Ta.. This may be
because longer mean-residence time promotes molecular diffu-
sion in the radial direction (), perpendicular to the flow direc-
tion, of the annular pipe microchannel, and the nuclei formed
near the reaction interface grow with the reactants supplied by
the molecular diffusion. On the other hand, the CV is almost
constant, independent of the increase of the mean-residence
time Taye in this experiment. This fact indicates that, even
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Figure 3. Comparison of the fine particles produced by
the microreactor, and the batch reactor: (a)

particle distributions, and (b) SEM photo-
graphs of fine particles.

when the mean-residence time is increased by decreasing the
mean-linear velocities, the formed nuclei only grew as flowing
in the downstream of the nucleation area of the microchannel
without being newly formed nuclei during the particle-growth
process (renucleation), vanishing, or aggregating.

Next we focus on the effect of each reactant concentration.
In Figure 4b, the median diameter increased monotonically as
the TTIP concentration increased. This occurred for the follow-
ing reason. In the particle-growth process of the titania particle,
the higher the TTIP concentration was, the larger the concen-
tration gradient was, and, hence, the larger the diffusion rate of
TTIP was from the central part of Layer A to the nuclei formed
near the reaction interface in the upstream of the microchannel.
This means that the amount of supplied TTIP per unit number
of nuclei was large even when the mean-residence time was
kept constant, and, therefore, nucleus growth was promoted.
On the other hand, the CV was relatively small at a low TTIP
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concentration, and had superior monodispersibility, but in its
overall behavior the CV was almost constant. This indicates
that the nuclei were not newly formed during the particle
growth (renucleation), vanished, or aggregated, but only grew
when they flowed in the downstream of the nucleation area in
the microchannel, even when the TTIP concentration increased
in a certain range with the water concentration being kept at
34.0 vol. %, just like when we changed the mean-residence
time. From Figure 4c, it was found that the CV were almost
constant, but the median diameter was smallest when the water
concentration is around 30 vol. %. When the water concentra-
tion was smaller than 30 vol. %, the supersaturation degree in
the nucleation process became lower due to the insufficient
water supply, and, hence, only a small number of nuclei are
formed. In the particle-growth process of these nuclei, the low
supply rate of water, and, hence, relatively high supply rate of
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Figure 4. Influence of the operation parameters: (a) the
average-residence time (Tac), (b) the TTIP con-
centration (Ctrp) in the Reactant A, and (c) the
H,0 concentration (Cwater) in the Reactant B.
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TTIP promoted nucleus growth, since the amount of the sup-
plied TTIP per unit number of nuclei was large, as explained
earlier regarding the effect of the TTIP concentration. On the
other hand, when the water concentration was higher than 30
vol. %, the supersaturation degree in the nucleation process
became higher due to the excessive water supply, and, hence,
many small nuclei were formed. However, in the particle-
growth process of these nuclei, excessively supplied water
enhanced the dielectric constant around the nuclei, and devel-
oped an environment for the nuclei to aggregate, and the nu-
cleus aggregation grows making the median diameter large.
Summarizing the earlier experimental results, we can pre-
sume the following mechanism of the titania fine-particle for-
mation in the concentric microreactor, as illustrated in Figure 5
for easy understanding. At first, just after the merging point of
the reaction solutions, namely at the reaction interface in the
upstream of the microchannel, the movable, low-molecular-
weight water in Layer B diffused into Layer A of the undiluted,
highly concentrated TTIP, and increased the saturation degree
over the minimum critical supersaturation, forming nuclei. The
number of formed nuclei varied primarily with the diffusion
rate of water, that is, the water concentration in Reactant B in
Layer B. In higher-water concentration, many small size nuclei
were formed. The reactants were supplied by the molecular dif-
fusion, but largely consumed by the nucleation. As a result, the
concentration of the reactants that stayed around the formed
nuclei decreased, and the saturation degree became lower than
the minimum critical supersaturation. At that point, the nuclea-
tion stopped. The formed nuclei flowed down in the micro-
channel without changing their positions in the radial direction
of the channel, due to the stable laminar flow. The nuclei grew
with the reactants, TTIP and water, being supplied from Layers
A and B. In the TTIP concentration range and at the diffusion
rate of TTIP in this experiment, renucleation or aggregation of
nuclei did not occur in the downstream of the nucleation pro-
cess area, and only the nucleus growth was promoted. On the
other hand, at the diffusion rate of water in the experiment, the
nucleus growth mechanism changed depending on whether the

AIChE Journal January 2007 Vol. 53, No. 1

Published on behalf of the AIChE

water concentration is over or below 30 vol. %. When the
water concentration is below 30 vol. %, the formed nuclei
seemed to grow monotonically, while when it is more than
30 vol. % the excessively supplied water enhanced the dielec-
tric constant, and, hence, made the nuclei aggregate and grow.

Numerical Simulation

Based on the experimental results on the titania fine particle
formation in the concentric microreactor, and on the mecha-
nism of the fine-particle formation process derived from the
analysis of the result, we proposed a relatively simple calcula-
tion model that realized the mechanism, and investigated its
validity. We also examined a method to estimate nucleation
region and the formation-frequency distribution from the
model calculation result.

Fundamental equations

Since the microchannel in the concentric microreactor has a
cylindrical shape with axial symmetry, we examined the flow
in the microchannel in cylindrical coordinates (r, 6, z). Here, r
is the coordinate in the radial direction of the microchannel, 0
the coordinate in circumferential direction, and z the coordinate
in the flow direction. The origin of the coordinates was set to
the merging point of Reactants A and B, located on the concen-
tric axis. The fundamental equations of dynamics are shown
later. Here, we assumed that the fluids are single-phase incom-
pressible Newtonian fluid with steady-laminar flow. According
to the assumption of the laminar flow, we neglected the veloc-
ity in r direction (u,), and in 6 direction (uy). We also neglected
gravitation. We omitted energy equations without any refer-
ence to the energy balance of temperature, reaction heat, and
SO on

Equation of continuity

Ou,
=0 3
5 (3)
Equation of motion
ou, oP 10 du,
P = o rar T Y @
Equation of diffusion
OCa Dap (*Ca 10C
A _Das A, 10Ca 5)
0z u ot r or

p : Fluid density [kg/m?]; u: Viscosity [mPa - s]

Simulation model

In the earlier fundamental equations the boundary condition
is given by C; =0 (since% = 0 at r = 0). Using the equation
of continuity, equation of motion and boundary condition, we
can derive the velocity-distribution equations in the dual-pipe
microreactor, described by Eqgs. 6—8. The volume flow rates of
Reactants A and B are given by Eqs. 9 and 10. The pressure
loss AP should be the same in the Eqs 9 and 10, and, hence, the
interface location between the two fluids R; can be expressed
by Eq. 11.
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Since u, ;, = u; at r = R;, we have

AP
Uzin = 4LHin (Rlz - "2> + u; (0 <r

IN
=

(6)

Since u, o, = 0 at r = R, we have

AP
= R _ 2
Uz.out 4L,u0m ( out — 7 )

Since u, oy = U, i, at r = R;, we have

AP
Uy = an (Rgul — Rlz) ®)
out
R.
‘ AP
Oin = / lin 27rdr = TRE + -~ R} ©
0 8L:uin
Rout AP ) -
Qout - Uz out 2nrdr = —— (Roul — Rl) (10)
R; out
2
RZ _ Qin (Rgu[ — Rlz) (11)
" Qunltou R? (;_ L) N
Hin Hout Hout

AP is the pressure loss; subscript xi, is internal pipe fluid; sub-
SCript X, is the annular area fluid, and subscript x; is the inter-
face between the two fluids.

On the other hand, the reactant-concentration distribution in
the diffusion of TTIP and H,O, was calculated by solving the
earlier diffusion equation with the tridiagonal matrix analysis
method (TDMA), an implicit method, by utilizing Microsoft
Visual Basic (VBA).

We set the boundary conditions as follows.Initial and bound-
ary conditions of TTIP

I1.C. atz =0, Ca =0Cy

B.C. atr:Ri, Ca=0 (0 <z < Rl)

B.C.atr =0, 9Cx/0r=0 (0 < z < R))
Initial and boundary conditions of HO

I.C. atz:O, Ca=0Cy (Ri <z < Rout)

I.C. atz=0, Cp=0 (0 <z <Ry

B.C.atr=0, 9Ca/Or=0 (z>0)

The diffusion constant Dag was set to 1 x 1072 m%/s, and at
r = R;, we took account of the water solubility 26.28 mol. % in
the octanol. From the calculation result, we obtained the TTIP
consumption distribution in the microreactor, from which the
reaction rate X(z) was calculated by Eq. 12. Here F( presents
the initial TTIP concentration, and F4(z) the retention concen-
tration of TTIP at position z

(12)

Next, we explain the formulation of the titania particle forma-
tion process model shown in Figure 5. The average particle
size in the growing process can be derived from the mass bal-
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ance Eq. (13) in the flow direction of the microreactor. Equa-
tions 12 and 13 give Eq. 14, from which we can calculate the
mean particle size at the position z

Vin(CA() — CA(Z)) = %ED;(Z) (13)
6MF 1/3
Dr(e) = (x| (1)

The symbols used in the equations are listed as: Vj, as the volu-
metric flow rate in the internal pipe; m’/s; C Ao 1S the initial
concentration of TTIP, mol/m3; F A0 1s the molar flow rate of
TTIP at the inlet of the microreactor, mol/s; n is the number of
outflow particles from outlet of the microreactor per unit time,
1/s; p is the particle density, kg/m3; 3820 kg/m3 (Anatase-type
particle density is assumed), and M is the molecular weight of
titania, kg/mol; 7.988 x 10~ kg/mol.

As for the boundary conditions, the mean-particle size
Dp(L), at the outlet of the microreactor (z = L) was set to the
experimental data of the median diameter Dp s, that were
obtained in typical experimental conditions. From the bound-
ary conditions we obtained the number of outflow particles per
unit time, and modeled the distribution of the median diameter
in the flow direction in the microreactor.

The nucleation area can be calculated from the experimental
data of the particle-size distribution at the outlet of the micro-
reactor (z = L). The calculation steps are shown later. Figure 6
illustrates the procedure.

1. By assuming that the largest particles in the size distribu-
tion obtained in the experiment were the ones that grew from
the nuclei formed at the inlet of the microreactor, we calculate
the number of particles with the particle-growth equation.

2. From the particle growth equation we calculate the growth
of particles that are formed in the nucleation area. Figure 6a
shows as an example the growth of the particles formed at z =
Om (inlet of the microreactor), and z = 0.04 m. In the right of
the figure, the vertical and horizontal axes of the size distribu-
tion are interchanged. In these figures the nucleation position,
and the particle size at the outlet of the microreactor are linked
to each other. That is, the particles formed at z = 0 m grow to
the size Dp pax at the outlet and those formed at z = 0.04 m to
the size Dp ;.

3. From the result, we obtain Figure 6b, which shows the
relation between the nucleation location and the particle size
found at the outlet of the microreactor.

4. From Figure 6b and the particle-size distribution, we
obtain Figure 6¢, which presents the nucleation region and par-
ticle-formation frequency.

By following the earlier procedure, we can estimate the
nucleation region and the frequency distribution.

Calculation Results and Discussion
Verification of simulation model

We first examined the validity of the velocity distribution in
the microreactor obtained from Eqs. 6-8, by comparing it to
that calculated with commercial numerical fluid dynamics soft-
ware FLUENT 6.2, where we used the fluid-dynamics condi-
tion of the experimental condition Ta-1 in Table 1a. The veloc-
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Figure 6. Calculation method for a nucleation region.

ity distribution at the outlet of the microreactor is shown in
Figure 7. The calculation result derived from Egs. 6-8 coin-
cided with that obtained in FLUENT 6.2, which confirmed the
validity of the model. It was also found that the interface
between the two fluids sent from the internal and external pipes
was located 198 um from the central axis at the outlet, and
there was small velocity gradient at that position. Therefore,
we could presume that the reactants mixed not because of con-
vection by shear caused from the velocity gradient, but just
because of their diffusion.

Next we compared the calculated values of the median di-
ameter in the model using Eqgs. 5, 12, and 14 with the experi-
mental data shown in Figure 4. The comparison result is given
in Figure 8. Here we examined two parameters, the mean-resi-
dence time, Tay.., and TTIP concentration Crp. To study the
effect of Ta,.., we calculated the median diameter at the outlet
of the microreactor under each condition by assuming that the
number of outflow particles per unit time was proportional to
the mean-linear velocity V.., based on the number of par-
ticles calculated from the median diameter that was obtained
under the experimental condition Ta-3 of Table 1. As a conse-
quence, the calculation result shows good agreement with the
experimental result, as seen in Figure 8a. This indicates that
the model is appropriate for demonstrating the influence of the
mean linear velocity on the median diameter. On the other
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Figure 7. Calculation results on velocity profiles at the
outlet of the microreactor between the pro-
posed model and FLUENT 6.2., the commer-
cial model.

hand, to study the effect of Crrp, we calculated the median di-
ameter at the outlet of the microreactor under each condition
by assuming that the number of outflow particles per unit time
did not change with the TTIP concentration, based on the num-
ber of particles calculated from the median diameter that was
obtained under the experimental condition Ta-1 of Table 1.
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Figure 9. Change in the reactants-concentration profiles
(a), and the median size with the flow direction
length (b).

Then we found that the calculation result coincided well with
the experimental result, as shown in Figure 8b, indicated that
the model described the effect of the TTIP concentration
appropriately. These two results verified clearly the validity of
the model.

Discussion of mechanism on fine particle
Jormation processes

In the earlier examinations, we discussed the estimation of
particle sizes only at the outlet of the microreactor. Since the
validity of the model has been presented, we now quantita-
tively analyze the behavior of the particle formation in the
microreactor and discuss the particle-formation mechanism.

Figure 9 shows the calculation results obtained by utilizing
experimental result under condition Ta-1 in Table 1. Figure 9a
shows the concentration distributions of TTIP and H,O in the
flow direction in the microreactor. Figure 9b presents the
behavior of the particle growth in the flow direction in the
microreactor that we obtained from the TTIP reaction rate
X(z), which was calculated from the concentration distribution,
and the median diameter at the outlet. Figure 9a clearly shows
that the water diffused into the interface area (at r = 198 um)
between Reactants A and B, and the TTIP was consumed in
the particle formation, making the concentration gradient
smaller. We also found that the particle formation region at the
outlet of the microreactor extended from the interface location
r = 198 pm to the position around » = 120 um. Figure 9b sug-
gests that the reaction rate X(L) at the outlet of the microreactor
was about 0.2, and, hence, the nuclei formed in the vicinity of
the merging point gradually grew in their growing process. It
is, therefore, possible to estimate the reaction rate and growth
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rate of the particles at the outlet of the multilamination type
microreactor that utilizes molecular diffusion to mix reaction
solutions.

Figure 10 shows the model’s estimation of the influence of
the particle formation condition parameters, that is, the mean-
linear velocity, Vaye., and the TTIP concentration Ctrp, on the
number of formed particles. Figure 10a indicates that the num-
ber of formed particles per unit time is proportional to Vaye.
when the concentration of the supplied reaction solution
(Crrip, Cwater) 18 constant. V.. corresponds to the volume of
the reaction solution supplied in unit time to the microreactor,
and, therefore, the particle-number density n is constant with
no dependency on V... Namely, when the concentration of
the supplied reactant solutions (Crrip, Cwater) 1 constant, the
nucleation finished and proceeded to the particle growth pro-
cess as long as Vae. stayed in the range of our experiment. We
also found that the diffusion of the reactant in the reactant solu-
tion did not depend on the flow state at the mean-linear velo-
city, and could be treated as an independent event. Figure 10b
shows that the number of the particles formed in unit time is
constant with no dependency on Crryp if Voye. Of the supplied
reactant solution is constant. Crrp is a parameter that affects
the diffusion rate of the reactant TTIP to the reaction interface,
the interface between Reactant A and Reactant B. Since this
parameter did not affect the number of the nuclei formed in
unit time, we can consider that the nucleation occurred instan-
taneously just after the merging point, independently of the
TTIP concentration, and the diffusion rate had an influence
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Figure 10. Predictions of the particle number with the
operation conditions: (a) the average-resi-
dence time (Tave), and (b) the TTIP concen-
tration (C+1ip) in the Reactant A.
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dence time (Tave), and (b) the TTIP concen-
tration (C+1ip) in the Reactant A.

only on the nucleus growth. Our experiment indicated that, in
the particle-growth process, there was no coalescence or aggre-
gation of the particles and nuclei or the renucleation. This
knowledge may indicate the controllability of the nucleation
by changing the operation parameters, Vay. and Crrp.

As indicated earlier, estimation of the nucleation behavior is
important for the clarification of the fine-particle formation
process. Here, we use the model to estimate the region and dis-
tribution of the nucleation. Figures 11a and b show the influ-
ence of the mean-linear velocity Ve, and the influence of the
TTIP concentration Cryrip, respectively. The figures suggest
that, in every experimental condition, the nucleation starts sud-
denly after the reaction solutions merge and stops in about
0.05-0.07 m upstream in the microreactor. In terms of time,
the nucleation finishes in several hundred milliseconds to about
1 s. The nucleation region does not vary with the mean-linear
velocity, but extends to the downstream of the microchannel as
Cr1p becomes larger. This can be explained as follows. In the
interface at the merging point where the two reaction solutions
first encounter each other, the extremely large gradient in the
concentration enhances the supersaturation rapidly, and a num-
ber of nuclei are formed. After that, the supersaturation near
the interface, that is, the amount of formed nuclei, is deter-
mined by the balance between the amount of reactants con-
sumed in the initial nucleation and the amount of reactants sup-
plied by the molecular diffusion. However, with V.. in this
experiment, the number of the initially formed nuclei domi-
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nated the later events, and the change of the supersaturation,
caused by the aforementioned balancing, did not have a signifi-
cant effect. When Crrpp is large, the flux of the reactants sup-
plied to the interface by the molecular diffusion is large, and it
takes longer for the degree of saturation to become smaller
than the minimum critical supersaturation. This is why the
nucleation region extended to the downstream position of the
microchannel. The reason why the number of particles was
constant precipitate the long nucleation time is because the nu-
cleus growth progressed simultaneously with the nucleation,
and, hence, TTIP was consumed also in the particle-growth
process, which resulted in the smaller number of the particles
formed in unit time. Thus, the nucleation process can be con-
trolled by changing the shape of the concentric microreactor,
and the particle-formation-condition parameters.

Possibility of Nanoparticle Formation

Finally, we tried to form nanoparticles on the basis of the
logic presented earlier. The trial was conducted by using low
TTIP concentration solution (Crrp = 0.05 vol. %), and the
other conditions were same as the test conditions of Tb-1. Fig-
ure 12 shows the size distribution and TEM photograph of the
particles produced. The Dp 5o and CV were 3.1 nm and 15.0 %,
respectively, and the nanoparticles with narrow distribution
were formed. This suggests that the particle growth was sup-
pressed by reducing the diffusion rate of TTIP after the sharp
nucleation in a small reaction zone under the low TTIP concen-
tration. Thus, it was shown that fine particles could be pro-
duced precisely in the range of nanometer to submicronmeter
orders by utilizing the proposed concentric microreactor.
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Figure 12. Particle-size distribution and the TEM photo-
graph of titania produced under low TTIP
concentration.
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Conclusions

We conducted a titania fine-particle formation experiment
using a concentric microreactor. The titania fine particles
obtained in the microreactor exhibited small and narrow-size
distribution, as compared with those obtained in a conven-
tional-batch reactor. We also investigated the relation between
the control-condition parameters of the microreactor (mean-
residence time Tay., TTIP concentration Crrp, and H,O con-
centration Cywaer), and the size and distribution of the titania
fine particles. We clarified that, as T'aye. or Crrpp increased, the
median diameter increased with the coefficient of variation CV
being kept constant. Next, we made a hypothesis on the titania
fine-particle formation mechanism, based on the analysis of the
experimental results, and developed a relatively simple calcu-
lation model. In the comparison of the calculated values from
the model and the experimental values, we found good agree-
ment, and, hence, confirmed the validity of the hypothetical
mechanism of the titania fine-particle formation and the calcu-
lation model. We also used the model to calculate the reactant-
concentration distribution, particle-growth rate, number of
formed particles, and nucleation region, and analyzed the fine-
particle formation process in detail. Consequently, it was found
that the number of formed particles per unit volume was con-
stant, and did not depend on the volume flow rate when the
concentration of the supplied reaction solution was constant.
Nucleation occurred immediately after the reaction solution
merged and completed in the upstream of the microchannel. It
was also found that the nucleation region extended toward the
downstream as the TTIP concentration increases, regardless of
the mean linear velocity of the reaction solution. Thus we
established a technique to estimate the nucleation region,
which is an important factor in particle formation, the particle-
formation-frequency distribution in the region, and the behav-
ior of the particle growing process. Finally, we tried to form
nanoparticles less than 10 nm, on the basis of the earlier logic,
and we successfully produced the nanoparticles of 3 nm with a
narrow distribution under the low TTIP concentration. The
study on the titania-fine particles shown here provides a guide-
line for designing microreactors to form other kinds of fine par-
ticles and yields industrially valuable information.
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