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Nanoparticles have been produced by a T-junction microchannel device in our pre-
vious work (Li et al., Langmuir. 2008;24:4194-4199). As a scaling-up strategy, pore
array microstructured devices were designed to prepare nanoparticles in this article.
H,850, and BaCl,, respectively, in two phases to form BaSO, nanoparticles was used
as a test system. The characteristics of a well controlled liquid-liquid two-phase flow
in the pore array microstructured devices were presented. Nanoparticles with small
size and good dispersibility were produced through drop or disk flows in the micro-
structured devices. The influence of mass transfer and chemical reaction on interfacial
tension and flow patterns was discussed based on the experiments. Meanwhile, the
effect of the two phase flow patterns on the nanoparticle size was discussed. It was
found that the increase of the amount of mass transfer and chemical reaction could
change the flow patterns from disk flow to drop flow. The droplet diameter could be
changed in a wide range. Flow patterns could be distinguished based on the measured
interfacial tension in different concentrations. The prepared nanoparticles were ranged
from 10 nm to 30 nm. Apparently the particle size was decreased with the increase of
the droplet size in both the drop flow region and the disk flow region whereas it had a
reverse trend in the transition region. © 2009 American Institute of Chemical Engineers
AIChE J, 55: 3041-3051, 2009
Keywords: drop, mass transfer, microstructure, multiphase flow, particle formation,
scale-up
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Introduction

Recently, the rapid development of microreaction and
micromixing technology has led to a considerable variety of
microfluidic devices. These devices have been used in many
fields for its high efficiency, safety, repeatability, and facile
controllability." ! In particular, significant advances have
been made in the use of microfluidic devices for controlling
the multiphase flow. Well controlled multiphase flows in
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microdevices have the advantages of large interfacial area,
short transfer distance, and fast mixing performance, which
can reduce mass transfer limitations to achieve much better
performances relative to conventional scale systems.”* Thus,
well controlled multiphase flows in microdevices have been
widely used in chemical reaction,”™ liquid—liquid extrac-
tion,*8 biological analysis,” crystallization,'"® polymer
s.ynthesis,”f14 structural material preparation,l‘sf17 and nano-
particle synthesis.lg_ﬂ’23 Especially, in nanoparticle synthe-
sis, particle size controlling is just one of the key issues in
the production of nanoparticles because many properties of
the solid particles are sensitive to the particle size and parti-
cle size distribution.”* The drops or plugs flow can provide
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Figure 1. The experimental setup for nanoparticle preparation.

(a) Flow chart for the experiments; (b) Inner 3D structure of the microstructured device; (c) Sizes of the inner structure (The pore array is
alternatively 3 x 3 or 4 x 4). [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

high mixing efficiency which is very important in particle
size controlling.>>° Moreover, well controlled multiphase
flows can also prevent a liquid from direct contact with
microchannel walls and thereby eliminate or reduce unde-
sired clogging of channels due to deposition of material on
wall surfaces.****

For large scale production processes, it is highly required
to scale up the microdevices. A feasible strategy is fabricat-
ing numbers of branch channels as an array vertical to one
main channel®'** As a variation, micro-pore array fabri-
cated in a channel also belongs to this strategy. The droplet
formation process in the pore array microstructured device
with different types of pores has been researched.*>~° How-
ever, application in this kind of devices has been little
reported. The mass transfer and reaction in the devices have
been little researched either.

In our previous work, BaSO4 nanoparticles have been pro-
duced by two-phase flow in a T-junction microchannel de-
vice. Mass transfer and reaction effect on the flow patterns
has been researched. Particle size influencing factors have
also been investigated.’’ Following the scaling up strategy
mentioned earlier, and also as an application exploration of
the pore array microstructured device, we designed a new
structured microdevice with several pores and investigated
the characteristics of liquid-liquid two-phase flow with a
swarm of droplets in the microdevice. A system of H,SO,
and BaCl,, respectively, in two phases to form BaSO,4 nano-
particles was used as a probe to characterize the micro-scale
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two-phase flow. The influence of mass transfer and chemical
reaction on interfacial tension and two-phase flow was inves-
tigated. Meanwhile, the effects of the operation conditions
and the droplet size on the particle size was also investigated
and discussed.

Experimental

Figure 1 shows the experimental setup. Nanoparticles
were produced in a pore array microstructured device. The
main structure of the device (as shown in Figures 1b, c) was
fabricated on a polymethyl methacrylate (PMMA) plate (50
x 20 x 1 mm) using micromachining. The sizes of the inner
structure were shown in the figure. The main channel dimen-
sions were 2.60 x 0.50 mm (width x height). The pore
diameter was 0.18 mm. The length of the pore channel was
0.5 mm. The distance between two adjacent pores was 0.60
mm for the 3 x 3 array and 0.40 mm for the 4 x 4 array.
The microfluidic device was sealed using other two PMMA
plates (50 x 20 x 1 mm) by a self-developed bonding
technique. Two microsyringe pumps and two gastight micro-
syringes were used to pump the two phases into the micro-
structured device, respectively.

Butyl alcohol solutions with sulfuric acid concentration of
0.05, 0.1, 0.2, 0.4, and 0.8 mol/l were used as the continuous
phase. Aqueous solutions with barium chloride concentration
of 0.05, 0.1, 0.2, 0.4, and 0.8 mol/l were used as the dis-
persed phase. As the contact angle for water and PMMA in
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Figure 2. Droplet formation through the pore array.

(@) Q. = 500 w/min, Q4 = 250 w/min, C, = 0.05 mol/l, Cy = 0.4 mol/l. (b) Q. = S00 pl/min, Oy = 350 pl/min, C, = 0.05 mol/l,

Cq = 0.4 mol/l.

the ambience of butyl alcohol is about 150°, droplets of
aqueous solution were formed by the crossflowing rupture in
the main channel. Because barium chloride can not be dis-
solved in butyl alcohol, the reaction of sulfuric acid with
barium chloride took place in the droplet when sulfuric acid
diffused through the interface and nanoparticles of barium
sulfate were produced.

A microscope at magnifications from 20x to 200x with a
high-speed CCD video camera was used to capture the drop-
let images. The images were recorded at a frequency of 600
images/s and then analyzed using a custom-made image-
analysis software to obtain the droplet size. About 200 drop-
lets were measured for every operation condition and the
Sauter mean diameter was calculated to represent the droplet
size. The produced nanoparticles were characterized directly
by TEM pictures on JEM2010 (Japan) and the particle size
was analyzed using the TEM pictures. The transverse lengths
of about 400 particles were measured for every operation
condition and the mean value was used to represent the
particle size.

Results and Discussion
Pore activity

As shown in Figure 2, where Q. and Q4 are, respectively,
the flow rate of the continuous phase and the dispersed
phase, C. and C, are, respectively, the concentration of the
continuous phase and the dispersed phase, not all of the
pores are active in some experimental conditions. It can be
found out that the fluid does not pass through all pores
simultaneously. Some of the pores do not work, which is
denoted as the inactive pores. The inactive pores are random
and are alterable when some disturbance occurs, which is
quite frequent in a practical process. For quantitative investi-
gation, we counted the active pore percentage in different
conditions. Figure 3 shows the active pore percentage vary-
ing with the apparent flow velocity of the dispersed phase,
which is defined as

O Qa _ 404
d nA, mtdg’
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where d,, is the pore diameter. From Figure 3, we could see
that the active pore percentage increases with the apparent
flow velocity linearly until it reaches 100%. The linear relation
could be expressed as

ug! = ug'n @

where uff) is a constant. We could get the value of uff) by line

fitting using the data in Figure 3. It is ~0.021 m/s. We will see
in the following text that ugc) is the so-called critical flow
velocity of the dispersed phase.

The active pore percentage could be explained through the
comparing between the droplet formation pressure and the
capillary pressure. The droplet formation pressure is caused
by the pore resistance and the interfacial tension of the drop-
let surface. The pore resistance could be expressed by the
sum of Hagen-Poiseuille’s resistance
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Figure 3. The active pore percentage varying with the
apparent flow velocity of the dispersed
phase.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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Figure 4. Pressures in the drop formation process.

which is due to the friction of the pore channel, and Sampson’s
resistance

24

RS :_37
dp

“

which describes the entrance effect adds to the resistance of
the pore. Therefore, the pore resistance caused pressure could
be expressed by the following equation®**

nd?

32l, 67
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Ap = Rupsligia i (dé + dp) Hgltg (&)

where [, is the length of the pore channel, 4 is the viscosity of
the dispersed phase, and u4 is the dispersed phase flow velocity
in the pore channel. The interfacial tension caused pressure
could be expressed by the Young—Laplace equation:

4y
ddrop

ApyL = (6)

where 7 is the interfacial tension between the two liquid phases
and dgyy,p is the drop diameter. The capillary pressure could
also be expressed by the Young-Laplace equation:

Ape =2 2059 7)
P
where 0 is the contact angle between the dispersed phase and
the channel wall in the continuous phase ambient. Cos 0 is
taken to be 1, because for a pore with straight edges, the
pressure inside the forming droplet is maximal when the
droplet is hemispherical.

The drop formation process through the pore array is
complicated. As shown in Figure 4a, the pores should be
identified when the dispersed phase is pressed through them.
However, drops from some pores may come out earlier than
others due to some disturbance, as shown in Figure 4b. In
this case, the resistances of pore 1 and 2 become smaller
than that of pore 3 (Apyr < Ap.) and the dispersed phase go
through pore 1 and 2 more than pore 3. When the drops
from pore 1 and 2 grow up as shown in Figure 4c, the flow
rate in pore 3 become very small and the pore resistance is
mainly provided by the capillary pressure. Then, whether
pore 3 is active or not is decided by the pressure relationship
in Figure 4c. Pore 3 is active only in the condition that

Apt + ApyL > Ape. (®)
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When the droplet on a pore is break off, the pore activity
will be decided by the flow conditions of other pores. There-
fore, the active pores are random.

Submitting Eqs. 5-8, we have

d

(1 o dd:wp)
&9
where Caq = is the capillary number of the dispersed
phase. We define the right side of Eq. 9 as the critical
capillary number of the dispersed phase, Ca((f). The corre-
sponding dispersed phase flow velocity is defined as the
critical flow velocity, uff). The actual flow velocity of the
dispersed phase in the pore channel is no smaller than the
critical velocity. Otherwise, some pores will become inactive
because of the low pore resistance pressure. On the other
hand, the actual flow velocity of the dispersed phase is no
bigger than the critical velocity when the active pore
percentage is smaller than 100%. Therefore, the actual flow
velocity of the dispersed phase is just the critical flow velocity
when # < 1. This is why Eq. 2 fits the experimental data in
Figure 3 well.

We can also calculate the theoretical value of ugc> from
Eq. 9. [, is 0.5 mm and d, is 0.18 mm as shown in Figure
lc. pgis 1 x 1072 Pa s at 20°C, and 7 is ~1 x 107> N/m,
which is measured by the pendant drop method. The droplet
diameter dgop can be calculated based on the torque balance
equation®

Caq > 9

Hqltd

(F,

i

— Fga — Fg — FD)dp = FRddmp- (10)

Herein, F, is interfacial tension force, Fg, is static pres-
sure difference force, Fgg is buoyancy force, Fp is dynamic
lift force, and Fy is crossflow drag force. The detail of their

(a) (b)

S | =

Figure 5. Flow patterns in the pore array microstruc-
tured device.

(a) Drop flow, (b) Disk flow.
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(b)

Figure 6. CCD images for drop flow and disk flow in the 3 x 3 pore array microstructured device.
(a) Q. = 500 pl/min, Q4 = 250 pl/min, C. = 0.4 mol/l, C4 = 0.4 mol/l. (b) Q. = 500 pl/min, Q4 = 250 pl/min, C. = 0.1 mol/l,

Cq = 0.2 mol/l.

expression could be found in our previous work.* The cal-
culated droplet diameter is ~0.45 mm and is consistent with
our ex?erimental measurement. Using these data, the calcu-
lated udc) from Eq. 9 is 0.022 m/s, which is very close to the
fitting result 0.021m/s.

Flow patterns

As illustrated by Figure 5, there are two different flow
patterns in the pore array microstructured device, i.e., drop
flow and disk flow. This is different from the T-junction
microchannel flow, where the flow patterns are drop flow
and plug flow. Figure 6 shows the CCD images for the sam-
ples of the drop flow and disk flow. However, we can not
distinguish the two patterns from the CCD images directly
because droplets in both of them are shown as circles.
We distinguish the two flow patterns by comparing the circle
diameter dgrop With the main channel height 2. If dgop > h,
the flow pattern is disk flow, otherwise it is drop flow.
Therefore, the droplet sizes were measured using the CCD
images.

Figure 7 shows the droplet sizes in both of the microstruc-
tured devices under different operation conditions. We can
see from Figure 7a that the droplet size decreases with the
continuous phase flow rate increasing. And the flow pattern
turns from disk to drop. This phenomenon is because of the
shear force increasing and is consistent with the results
obtained in the T-junction microchannel.?7#0#1 Figure 7b
shows that the dispersed flow rate has little effect on the
droplet size in the experiments. The reason is that the actual
flow velocity of the dispersed phase remains a constant at
u((f) when the dispersed phase flow rate is small, which has
been described in Section 3.1.

Figures 7c, d indicate that the concentration of the two
phases has obvious effect on the droplet size. The reason is
that the concentration of the two phases affects the interfa-
cial tension greatly. We have measured the interfacial ten-
sion for the similar system of this work using pendent drop
method in our previous job. Figure 8 shows the results,
where Figure 8b is just from the previous article.’’ The
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measured interfacial tension is not the exact one for the con-
ditions in the microstructured device because the mass trans-
fer speed and the reaction conditions are different. However,
the measured interfacial tension is consistent with the results
shown in Figures 7c, d. The increasing of the continuous
phase concentration decreases the interfacial tension and
causes the droplet size decreasing. When the dispersed phase
concentration is changed, the interfacial tension as well as
the droplet size have a minimum value at the condition
C4q = 0.2 mol/l.

The possible mechanisms of the influence of the two
phase concentration on the flow patterns could be explained
based on the measured interfacial tension. The increase of
the sulfuric acid concentration leads to the increase of the
mass transfer from the continuous phase to the dispersed
phase, which results in the decrease of the interfacial ten-
sion. Therefore, the droplet size is decreased when the sulfu-
ric acid concentration is increased. Because the chemical
reaction is in the dispersed phase, so the amount of mass
transfer is not influenced directly by the concentration of the
dispersed phase. But the chemical reaction should enhance
the mass transfer rate, which will influence the interfacial
tension too. The interfacial tension first decreases with the
dispersed phase concentration increasing because of the mass
transfer enhancement, and then increases because of the salt-
out effect. When the salt-out effect dominants the process,
the droplet size will increase with the dispersed phase
concentration increasing.

As an approximate treating, the measured interfacial ten-
sion in Figure 8 is used to the flow pattern partition in the
following text. The apparent capillary numbers of both the

phases, Caﬁa) and Ca((f) , which are defined as

(a)

Ca® = —“C;‘C (1)
and
(@)
cal = —“d;‘d , (12)
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Figure 7. Operation condition effect on droplet size.
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(a) Continuous phase flow rate effect on droplet size. (b) Dispersed phase flow rate effect on droplet size. (c) Continuous phase concentra-
tion effect on droplet size. (d) Dispersed phase concentration effect on droplet size. [Color figure can be viewed in the online issue, which

is available at www.interscience.wiley.com.]

are calculated in different experiment conditions. Herein,
uﬁa) = % is the apparent flow velocity of the continuous phase.
S is the cross section area of the main channel. With Caga) as
the abscissa and Caff) as the ordinate, the experiment results
are marked in one chart as shown in Figure 9. The data spots
are distinctly separated into two different groups by the solid
line in the figure. With high apparent capillary number of the
continuous phase, the flow pattern is drop flow. This result is
consistent with the literature.”>*' However, the apparent
capillary number of the dispersed phase has little effect on
the flow pattern. The reason is that the active pore percentage
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in most of our experiment conditions is below 100% and actual
velocity of the dispersed phase is not changed.

Particle size

The particle size in a precipitation process is basically
decided by the competition of nucleation and growth, which
are controlled by the system supersaturation ratio. High
supersaturation ratio generates small particles for a short
nucleation burst while low supersaturation ratio generates

larger ones for persistent particle growth.”>>° The
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Figure 8. Interfacial tension between the butyl alcohol solutions and the aqueous solutions.

(a) Continuous phase concentration effect on interfacial tension. (b) Dispersed phase concentration effect on interfacial tension.>”
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Figure 9. Flow pattern partition in the pore array
microstructured device.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

precipitation takes place in the droplets in our experiments
and the supersaturation ratio is determined by the initial con-
centration, flow pattern, as well as the mass transfer speed.
BaSO, nanoparticles with size between 10 nm and 30
nm were successfully produced with the two phase flow in
our experiment. Some of the TEM pictures are shown in
Figure 10. We could see that the particle size varies obvi-
ously when the experimental conditions are changed. The
prepared nanoparticles show good monodispersity. Compar-
ing with our previous work,” the particle size and monodis-
persity in this work are similar with the nanoparticles
produced in the T-junction microchannel. This result proves
that the scaling up from T-junction microchannel to pore

array microstructured devices is successful. Pore number in
this work shows little effect on the flow and the producing
particles, which indicates the further developing potential of
this scaling up strategy.

If the flow patterns are similar, i.e., with similar droplet
size, the initial concentration decides the supersaturation
ratio. Therefore, high initial concentration generates small
particles. Figures 10a, b show an example for this situation.
The droplet sizes of these pictures are similar. We can see
that the particle size of Figure 10a is smaller than that of
Figure 10b, while the concentrations of both phases are big-
ger in Figure 10a.

If the two phase flow has different flow pattern or differ-
ent droplet size, the nanoparticle size will be different even
at same initial concentration. Figures 10c, d show an exam-
ple for this situation. We can see that the particle size
decreases with the increase of the droplet size at same initial
concentration. This phenomenon indicates that big droplet
size is benefit to nucleation rather than growth.

To know about the relationship between the droplet size
and the nanoparticle size, we plot all the results of particle
size and droplet size in one picture, as shown in Figure 11.
We call this figure the particle size diagram.

In the particle size diagram, the abscissa is droplet size.
The ordinate is the particle size. We can see clearly that the
particle size decreases with the increase of droplet size in
both the drop flow region and the disk flow region while it
has a reverse changing trend in the transition region. The
data spots distribute within a narrow belt marked in the dia-
gram. The slope of the belts characterizes the effect of the
droplet size on particle size while the width of the belts
characterizes the effect of the initial concentration. Of
course, as shown in Figures 7c, d, the initial concentration

Figure 10. Flow images and the corresponding particles with different experiment conditions in the 3 x 3 pore

array microstructured device.

(a) C. = 0.2 mol/l, C4 = 0.4 mol/l, Q. = 500 pl/min, Q4 = 250 pl/min. (b) C. = 0.1 mol/l, C4 = 0.2 mol/l, Q. = 500 pl/min, Q4 =
250 pl/min. (c) C. = 0.4 mol/l, C4 = 0.4 mol/l, Q. = 500 pl/min, Q4 = 150 pl/min. (d) C. = 0.4 mol/l, C4 = 0.4 mol/l, Q. = 500

pl/min, Q4 = 350 pl/min.
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Figure 11. Particle size diagram.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

has a great influence on the flow patterns and the droplet
size.

Although it is hard to explain the diagram clearly, we
would like to explain the possible reasons for our experi-
mental results. The particle size difference in different flow
patterns and droplet sizes may be explained by the forming
mechanism of two-phase regular flow and the mass transfer
speed.

Each process in the pore-array microstructured device is a
combination of some of the four steps shown in Figure 12.
For example, the drop flow process is composed of Steps 1
and 2; the disk flow process is composed of Steps 1, 3, and
4. Each step has different mass transfer speed. In Step 1, the
drop generating stage, there is a strong inner circulatory flow
inside drops because of the action of shear force of the con-
tinuous phase, and the mass transfer speed inside drops is
very high. Some experiments in microchannel have shown
that 70% of the total mass transfer could be accomplished
during the drop generating stage.*” The supersaturation ratio
will be very high due to the high mass transfer speed. We
can approximately estimate this supersaturation ratio based
on the following expression

Cc Cd

)
Ky

S=7s 13)

where 7. is a function of the ionic strength and in the range of
0.1-1. K, is the solubility product, which takes the value of
1.08 x 10~* mol>/m® at 25°C.*° With this estimation, we can
know that the supersaturation ratio around the interface is in
the range of 10°-10* and homogenous nucleation will mainly

take place at this high supersaturation ratio. A large amount of
reactants react at Step 1 because of the nucleation. In Step 2,
the flowing of the drops in the main channel, the inner
circulatory flow is weak and diffusion is the main mass
transfer approach.43 In this case, the mass transfer speed is low
and the supersaturation ratio will fall down quickly. Growth
will mainly take place in this step. In Step 3, when the droplet
size reaches the channel height in the drop formation process,
the inner flow of the drop is weakened by the top wall of the
main channel and the mass transfer speed is low. The
supersaturation ratio will fall down. In Step 4, the flowing of
the disks, there are strong internal circulations in both the
aqueous and oil phase because of the friction of the channel
wall. Similar phenomenon was reported as slug flow in
microchannels.”* Therefore, the mass transfer between the two
phases is highly enhanced. The supersaturation ratio will rise
up when the disk is break off from the dispersed pore. Then,
the supersaturation ratio will fall down after it reaches a
maximum value because of the consumption of the materials.

On the basis of the above analysis, the supersaturation
ratio changing with time for the drop flow can be sketched
by Figure 13. We can see clearly there are two steps in the
curves corresponding to Steps 1 and 2, respectively. Nuclea-
tion and growth are, respectively, the main process for these
two steps. If the drop size is bigger, Step 1 will take longer
time and nucleation stage will be longer.

For the disk flow, the supersaturation ratio changing can
be sketched by Figure 14. The curve could be disparted into
four parts. The first two parts are corresponded to Stepl and
3 in Figure 12, respectively. The last two parts are corre-
sponded to Step 4 in Figure 12. If the disk size is bigger, the
material infused into the disk in Step 3 will cause a higher
rise of the supersaturation ratio in Step 4.

For comparison of different flow conditions, we plot the
supersaturation ratio changing curves for different droplet
sizes in one chart as shown in Figure 15. For curves (I) to
(V), the droplet size gets bigger and turns from drop to disk.
(I) and (II) are for drop flow while (IV) and (V) are for disk
flow.

Comparing with curve (I), which denotes smaller drops,
the drop formation time for curve (II) is longer. Therefore,
the nucleation process persists a longer time and consumes
most of the reactants. The materials left for the later growth
stage become less and the finally produced particles are
smaller. We could quantitatively describe this process with
some approximate assumption. In curves (I) and (II), the
supersaturation ratio in Step 1 is not constant. However, it
experiences a slowly dropping stage. The reason is that the
continuous flow washes the surface of the droplet and the
concentration of the sulfuric acid at the interface almost

Step 3

Step 4

Figure 12. Different steps in the drop and disk flow process.

[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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Figure 13. Supersaturation ratio vs. time for drop flow.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

remains constant. On the other hand, the inner circulatory
flow inside drops is very strong and the new injected barium
chloride is fast taken to the reaction area, which makes the
supersaturation ratio dropping slower. Because the supersatu-
ration ratio changes slowly in this stage, we can use an aver-
age value for approximate calculating. Moreover, the aver-
age value for curve (I) and (II) in Step 1 is approximately
equal. Therefore, we can use the same average
supersaturation ratio for drops with different sizes. With the
average supersaturation ratio, nucleation rate can be calcu-
lated. As the thickness of the reaction area around the inter-
face changes little, we use the interface nucleation rate J
(m?/s) instead of the volumetric nucleation rate to make the

Growth

Nucleation Threshold

Supersaturation ratio

Time

Figure 14. Supersaturation ratio vs. time for disk flow.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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Figure 15. Supersaturation ratio vs. time in different
flow patterns.

(I), (II) drop flow and the drop size of (I) is smaller; (III)
transition flow; (IV), (V) disk flow and the disk size of
(IV) is smaller. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]

calculation easier. The generated nuclei number in an infini-
tesimal time dr is dN = JA dt, where A is the interface area
of a drop. Assuming the drop is spherical, we have A =
472, The volume of the drop is V = %t = %7, and thus

dt = 4’Tg—’d”zdr. Then we have dN = %d?’. Integrating
this expression, we can obtain the nuclei number generated
in a drop with radius R, N = %. Then the mean vol-
ume value of particles generated in drops with radii R is
Vo= Vlc)ng = %, where V' is the volume of drop, M and
p are respectively the molar mass and density of barium
sulfate. The mean particle size d, ~ R™?3 ie., the particle
size decreases with the drop size increasing.

In the transition flow, the supersaturation ratio changing is
similar to Figure 14. But the supersaturation ratio rise after
Step 3 is smaller because of the smaller disk size, which
could be seen from curve (III) in Figure 15. Because the ma-
terial injected into the droplet in Step 3 is mainly used for
the particle growth, the particle size increases with the drop-
let size increasing in this region.

Comparing with curve (III), the disk for curves (IV) and
(V) is big enough and the supersaturation ratio in Step 4
rises above the nucleation threshold. The once more nuclea-
tion will cause a decrease of the particle size. In this region,
bigger disks have longer nucleation stage and consume more
of the reactants. The materials left for the growth become
less and the finally produced particles are smaller. This can
also be observed from the comparison of curve (IV) and (V)
in Figure 15.

Conclusions

As a scaling up strategy based on the T-junction micro-
channel, BaSO, nanoparticle producing reaction system was
investigated in the pore array microstructured devices. Nano-
particles with size between 10 nm and 30 nm were produced
through the liquid-liquid two-phase flow in the devices. By
adjusting the experimental conditions including the two
phase concentrations and flow rates, droplets with different
shapes and sizes were generated in the microstructured

DOI 10.1002/aic 3049



devices and the size of BaSO, nanoparticles was controlled.
Mass transfer and chemical reaction could affect the interfa-
cial tension and flow patterns seriously. With the interfacial
tension measured in different concentrations, a picture distin-
guishing the two-phase flow patterns, i.e., the drop flow and
the disk flow, was plotted. The experimental results showed
that the particle size decreased with the increasing of droplet
size in both the drop flow region and the disk flow region
while it had a reversed trend in the transition region. The
mechanisms have been provided to explain the effect of flow
patterns.
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Notation

A = interface area of a drop (mm?)
Caﬁa) = apparent capillary number of the continuous phase
Cay = capillary number of the dispersed phase
Caga) = apparent capillary number of the dispersed phase
Cagc) = critical capillary number of the dispersed phase
C. = concentration of continuous phase (mol/l)
C4 = concentration of dispersed phase (mol/l)
J = interface nucleation rate (mm~/s)
M = molar mass of barium sulfate (g/mol)
N = nuclei number or particle number in one droplet
Q. = flow rate of continuous phase (ul/min)
Qg4 = flow rate of dispersed phase (ul/min)
R = final droplet radius (mm)
$ = cross section area of the main channel (mm?)
V = droplet volume (mm?>)
V, = particle volume (mm?®)
darop = the drop diameter (um)
d, = pore diameter (mm)
I, = length of pore channel (mm)
n = pore number
Ap. = capillary pressure (Pa)
Ap¢ = pore resistance caused pressure (Pa)
Apy1. = interfacial tension caused pressure (Pa)
r = variable droplet radius (mm)
ue ' = apparent flow velocity of the continuous phase (m/s)
Mj’ = actual flow velocity of the dispersed phase (m/s)
uy . = apparent flow velocity of the dispersed phase (m/s)
ugc) = critical flow velocity of the dispersed phase (m/s)
y = interfacial tension (N/m)
1 = active pore percentage (%)
0 = contact angle
1t = viscosity of the continuous phase (Pa s)
1tq = viscosity of the dispersed phase (Pa s)
p = density of barium sulfate (g/cm3)
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