Chemical Engineering Journal 141 (2008) 242-249

Chemical
Engineering
Journal

www.elsevier.com/locate/cej

Enhancement of mass transfer performance of liquid—liquid
system by droplet flow in microchannels

J.H. Xu, J. Tan, S.W. Li, G.S. Luo*

The State Key Lab of Chemical Engineering, Department of Chemical Engineering, Tsinghua University, Beijing 100084, China
Received 6 July 2007; received in revised form 11 December 2007; accepted 28 December 2007

Abstract

Two multiphase flow microfluidic devices based on the use of droplet flow to enhance the mass transfer performance have been specially developed.
Mass transfer performance data has been obtained by monitoring the extraction of succinic acid from n-butanol to aqueous drops containing NaOH.
Monodisperse aqueous droplets with average diameters of 130-550 wm were generated, and the mass transfer time was 0.4—4.0 s accordingly.
The mass transfer rate was 10-1000 times higher comparing to the traditional liquid-liquid systems. Vortex flow patterns within the droplet were
generated during droplet forming stage that enhanced mass transfer rate greatly. The mass transfer during droplet formation stage contributed at
least 30% of the total mass transfer quantities from the theoretical analyzing. And the mass transfer coefficients were 10-100 times higher than that
of droplet moving stage. These results were very different to the mass transfer in conventional extraction processes. The mass transfer mechanism
during droplet forming stage in microscale should be investigated fundamentally in the further work. The mass transfer results from this study
indicate that droplet flow within a microscale environment offers a viable alternative for two-phase reaction or separation systems.

© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

The use of microfluidics offers a number of advantages over
conventional flow control technology [1-3]. High surface-to-
volume ratio and small volume expedite the chemical reaction
in microfluidic devices and improve the product yield. A high-
efficiency way for mass transfer and reaction enhancement is
by segmented flow in microchannels or capillaries. Vortex flow
patterns generated by the shearing motion within fluid segments
enhances mixing within segments and improves mass transfer
across the interface [4-6]. Micro-segments can be applied in
modular synthetic chemistry, quantitative chemical analyses and
synthesis of colloidal nanoparticles [7-9].

Recently, attention has been paid to immiscible liquid-liquid
systems at microscale with a focus on intensification of mass
transfer and reactions by dispersing one phase into the other
as droplets in micro-meters. Droplet flow in microchannels
offers potentially further improvement in mass transfer. The time
to equilibrium scales with the diffusive path length squared.
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Therefore, if a droplet of radius 300 wm is created, the time
to equilibrium would be expected to decrease about 100-fold
compared to a 3mm droplet. Novel micromixers have been
developed using the microchannel dispersion method by Benz
and Pennemann et al. [10,11]. They found that efficiency as
much as 95% could be reached in short time with the droplet
diameters from 20 to 150 um in a liquid-liquid extraction
process. In the same period, our research group developed
another kind of micro-structured mixer based on the membrane
emulsification technology [12—14]. The results showed that in
microscale dispersion extraction processes the mass transfer effi-
ciency could be as much as 100%, and the mass transfer time was
less than 0.5 s. Droplet flow in microscale has been also applied
for liquid-liquid micro-extraction, nanoparticle synthesis, rapid
reaction processes, and so on [15-17].

In the present work, we attempt to investigate the interfa-
cial mass transfer and reaction performance of liquid-liquid
dispersed system by using droplet flow in microchannels. The
effects of two phase flow rates and two phase concentrations on
droplet size and mass transfer process have been studied. And
the mass transfer rate was compared with that of conventional
extraction processes. Finally, the mass transfer mechanisms
were discussed.
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2. Experimental
2.1. Microfluidic devices

The experiments were performed in two types of microflu-
idic devices fabricated on 100 mm x 20 mm x 5 mm polymethyl
metacrylate (PMMA) plates using an end mill. In the co-flowing
device, the continuous and dispersed phase flow channels
dimensions are approximately 100 pm wide x 100 pm high.
The measured channel dimensions were approximately 560 pm
wide x 500 pwm high (Fig. la). In the flow-focusing device,
the continuous and dispersed phase flow channels dimen-
sions are approximately 150 pwm wide x 100 wm high. The
measured channel dimensions were approximately 300 um
wide x 250 wm high (Fig. 1b). Two microsyringe pumps and
three gastight microsyringes were used to pump the two phases
into the microfluidic devices, respectively.

2.2. Materials

A simple acid-base reaction was used as the basis of this
study because, being extremely rapid, its progress is controlled
by the diffusion of the reactants within the two phases. It has the
further advantage that conventional pH indicators can be used
to follow the reaction progress. These also clarify the photo-
graphic distinction between the two phases. Methyl Phenol Red
pH indicator was added to distilled water to create a saturated
system, which was filtered and then diluted to by a factor of
two with more distilled water. This was then used to produce
aqueous solution of NaOH in the range from 0.1 to 0.3 mol/L.
n-Butanol was used as the organic phase. Succinic acid was
added into n-butanol to produce organic solutions of 0.138 and
0.23 mol/L. Because the PMMA plate is hydrophobic, so the
organic phase was used as the continuous phase and the aque-
ous phase was used as the dispersed phase. The solubility of
NaOH in the organic phase is negligible whereas succinic acid
is completely soluble in the aqueous phase. The reaction is then
assumed to take place solely in the aqueous phase as succinic
acid diffuses across the interface. The reaction involved in this
work is given in Eq. (1). This requires a half mole of succinic
acid per mole NaOH:

HOOC(CH,),COOH + 2NaOH
—» NaOOC(CH,),COONa + 2H,0 (1)
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2.3. Visualization and analysis

Experiments were carried out with a microscope at the
magnification of 100x. A high-speed CCD video camera was
connected to the microscope and the images were recorded with
a frequency of 200 images per second. The diameter of aqueous
drops generated was measured from microscope images. Colour
change was observed within the aqueous droplets as succinic
acid diffused into the aqueous phase reacting with NaOH and
changing the pH of the droplet.

Analysis of the titration within the microfluidic device was
performed through measurements of the distance along the chan-
nel at which the pH indicator in the aqueous phase changed from
violet red to yellow. Since the pH indicator changed colour as
the local pH passed through 7.2, this change indicated that the
amount of succinic acid which transferred into the aqueous drop
was about half of NaOH present within the drop. From this data
the time requirement for the transfer of a given proportion of
succinic acid from the organic phase to the aqueous phase could
be obtained.

The droplets sizes and distances required to achieve a com-
plete colour change within the aqueous droplets for all the
experiments were recorded and analyzed. Then the average
droplets diameters (day), time requirements for droplet forma-
tion (fp), and time requirements for acid transfer during moving
stage (fy) could be obtained in different experimental condi-
tions. And the mass transfer time, which means the total time
requirements for mass transfer, could be calculated as the sum
of fr and ty,. For each condition, we repeated the experiment
for three times, the standard deviations of the measured average
droplets diameters (d,y) and time requirements for acid transfer
during moving stage (#;,) were both less than 10%.

3. Results and discussion
3.1. Typical micrographs during mass transfer processes

Fig. 2 shows the typical micrographs of colour change within
the droplet during droplet forming stage at the cross-junction
and moving in the measured channel separately in both of the
microfluidic devices. Vortex flow patterns within the aqueous
droplet could be observed during droplet forming stage from
Fig. 2a. The vortex was mainly generated by the shearing motion
of the continuous phase, and it enhanced mixing within the
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Fig. 1. The microfluidic devices: (a) co-flowing device; (b) flow-focusing device.



244 J.H. Xu et al. / Chemical Engineering Journal 141 (2008) 242-249

The co-flowing device

| | = i =
0s 0.2s 0.6s 09s
The flow-focusing device
g ( g
= il i .
0s 0.015s 0.03s 0.04s
(a) droplet forming stage
The co-flowing device
— —
1.0 mm 4.0 mm 8.5 mm

The flow-focusing device

0 mm

2.0 mm

3.5 mm

(b) droplet moving stage

Fig. 2. Typical micrographs of colour change within the droplet during mass transfer processes. The experimental conditions are, aqueous phase concentration
Cnaon =0.10 mol/L, organic phase concentration Cycjg =0.138 mol/L; organic phase flow rate Q, =20 pL/min, and aqueous phase flow rate Qy =5 pL/min.

droplet. While during droplet moving stage, there was almost no
relative-moving between two phases because of the co-flowing
of continuous organic phase and aqueous phase. And the mass
transfer process could be treated as the mass transfer of suc-
cinic acid at the interface of stagnant droplet in the quiescent
continuous phase.

3.2. Effects of two phase flow rates on droplet size and time
required for acid transfer

Firstly, we investigated the influences of two phase flow
velocities on the droplet size and mass transfer time. Fig. 3
shows the effects of total flow velocity on the calculated aver-
age droplet diameter and mass transfer time at three fixed flow

ratios of the two phases in the co-flowing device. The average
droplet diameter was observed to decrease with the increase of
total flow velocity, while increased with the increase of phase
ratio (Qw/Q,). These results were similar to that of without mass
transfer. On the other hand, the mass transfer time decreased
as total flow velocity was increased, while increased with the
increase of phase ratio (Qw/Q,). The results can be explained
by the differences in droplet size which affected the mass trans-
fer rate. It also can be seen that mass transfer time decreased
from 3.0 to 2.0 s with the average droplet diameter from 550 to
380 pwm.

Fig. 4 shows the effects of total flow velocity on the average
droplet diameter and mass transfer time in the flow-focusing
device. It can be seen that mass transfer time decreased from 0.8
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Fig. 3. Effects of two phase flow velocities on the average droplet diameter and mass transfer time in the co-flowing device. Cnaon =0.1 mol/L, Cacig =0.138 mol/L.
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Fig. 4. Effects of two phase flow velocities on the average droplet diameter and mass transfer time in the flow-focusing device. Cnaon =0.1 mol/L, Cyacig =0.138 mol/L.

to 0.4 s with the average droplet diameter from 200 to 130 pm.
And the mass transfer rate increased about 10 times by reducing
the droplet size from 550 to 130 pm.

3.3. Effects of two phase concentrations

Fig. 5 shows the effect of total flow velocity on the aver-
age droplet diameter and mass transfer time at different fixed
NaOH concentrations in the co-flowing device. It can be seen
from Fig. 4a that the average droplet diameter increased with
the increase of NaOH concentration at fixed two phase flow
velocities. Reasons of the difference in droplet size may lie in
the influence of chemical composition on systems’ interfacial
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tension. The mass transfer time also increased as the NaOH
concentration was increased, which was mainly caused by the
increase of droplet diameter and the proportion of succinic acid
required to change the indicator colour. Fig. 6 shows the effects
of total flow velocity on the average droplet diameter and mass
transfer time at different fixed succinic acid concentrations. The
average droplet diameter also increased with the increases of
acid concentration at fixed two phase flow velocities. While the
mass transfer time decreased as the succinic acid concentration
was increased. The mainly reason lies in that the mass transfer
rate increases with the increase of acid concentration.

In the flow-focusing device, the variations of droplet size and
mass transfer time with two phase concentrations were found to
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Fig. 5. Effect of the NaOH concentration on the average droplet diameter and mass transfer time in the co-flowing device. Cycig =0.138 mol/L, Qy:Q, =1:6.
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Fig. 6. Effect of the succinic acid concentration on the average droplet diameter and mass transfer time in the co-flowing device. Cnaon =0.10 mol/L, Oy :Q, = 1:6.

be similar to that in the co-flowing device. Because of the smaller
channel size, the formed droplet diameter was in the range of
150-250 pm, and the mass transfer time was at 0.5-1.5s.

3.4. Enhancement of mass transfer process

A more formal comparison of the mass transfer performance
of the droplet flow in microscale with other systems may be
achieved through an estimation of the volumetric mass transfer
coefficient. In general terms the transfer rate of succinic acid
between the droplets can be written as follows:
% = K.aAC
where AC is the concentration differential between the organic
and aqueous phase. The interfacial area per unit volume across
which the transfer takes place is represented by a, and the mass
transfer coefficient for the system by K.. For the model reaction,
which is the neutralization of succinic acid, the intrinsic Kinetics
is extremely fast. Therefore it was assumed that succinic acid
was consumed almost instantaneously as it entered the aqueous
droplets which contained an excess of NaOH. The concentration
differential between the droplets was therefore assumed to be

3)

Combining the approximation given in Eq. (3) with Eq. (2)
yields the following equation for the rate of consumption of the
acid

@

AC = Corg — CaQ =~ CorG

dCorg
dr

From Eq. (4) the time required for the proportion « of succinic
acid to be consumed in the titration should be given by

“

= —K.aCorg

1
t=——In(l —«
Kea ( )
From Eq. (5), the estimation of the product of mass transfer
coefficient and interfacial area per unit volume, which means
the volumetric mass transfer coefficient K a, could be provided
from the following equation:

&)

Kea = —;m(l _ ©)

Values of K.a were obtained from the experimental data using
Eq. (6). Table 1 shows the comparison of volumetric mass trans-
fer coefficient between the droplet flow in microchannels and
that in the conventional extraction columns. It is found that the
mass transfer rate was increased with the decrease of formed
droplet diameter. In the co-flowing microchannels, the value of
K.a was about 0.1 s~! when the droplet diameter was 0.35 mm,
which was around 100 times higher to that in the extraction
columns with the droplet diameter 3.0 mm. While in the flow-
focusing microchannels, the volumetric mass transfer coefficient
could be increased to 0.5 s~ ! with the droplet diameter decreased
to 0.13 mm. The increase of mass transfer rate was mainly caused
by the enhancement of mass transfer during droplet forming
and moving stages in microscale. During droplet moving stage,
the mass transfer coefficient and interfacial area per unit vol-
ume both increase with the decrease of droplet diameter, and
the mass transfer rate increases greatly. During droplet forming
stage, vortex flow patterns within the aqueous droplet generated
by the shearing motion of continuous phase could also enhance
the mass transfer process. So we should consider the contribu-
tion of mass transfer enhancement at both droplet moving and
forming stages.

3.5. Discussion of mass transfer contributions during
droplet forming and moving stages

During droplet moving stage, there was no relative-moving
velocity between two phases because of the co-flowing of contin-
uous organic phase and aqueous drops. So we could assume the
mass transfer during droplet moving stage as the mass transfer
of succinic acid at the interface of stagnant droplet in the qui-
escent continuous phase, and the mass transfer fraction during
droplet moving stage will be calculated. Then we can quanti-

Table 1
Comparison of K.a and average droplet diameter d,, between droplet flow in
microscale and conventional extraction processes

Mass transfer process day (mm) K.a (sfl)
Droplet flow in co-flowing microchannels 0.35-0.55 0.02-0.1
Droplet flow in flow-focusing microchannels 0.13-0.25 0.23-0.5
Conventional extraction columns [18,19] 2.0-3.0 1074-1073
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tatively confirm the mass transfer contribution during droplet
moving stage. It would be usable for us to develop the mass
transfer mechanism during droplet forming stage in microscale.

The mass transfer coefficients inside and outside a stagnant
droplet in the quiescent continuous phase could be calculated as
[20,21]

kad
ked 12 ¢.1/3
She = —= =2.0+0.76Re!25c!/ 8)

C

From Eqgs. (7) and (8), the total mass transfer coefficient K. can
be predicted as

1 1 1

[l 9
K. kc+ )

mkd
where m = cg /ce = 0.935, is the distribution coefficient of suc-
cinic acid between two phases. From Eq. (9), the values of K in
our experiments were in the range of 3.3-5.7 x 10~ m/s during
droplet moving stage. From the mass transfer Eq. (10),

N = K. A(ce — c¢i) (10)

where c.; equals zero in our experiments, c. is the main concen-
tration of succinic acid in the continuous phase. Based on the
mass conservation equation,

KcA(ce — o) dt = — Ve dee (11)

! ¢ 1 Cc — Cci
K. Adt=-V, dcc = —V.In 7 (12)
0 ¢y Ce — Cai Co — Cei

where V. =(0Q./Qq)V4, and r=(Q./Qyq), is the flow ratio of two
phases. The following equation is obtained by simplifying Egs.
(11) and (12),

/
C 6tK
In{2)=—"2
Cy F dd
herein, dq is the droplet diameter. So the initial concentration of

the acid during droplet moving stage can be calculated from Eq.
(13). We define a parameter y, which means the mass transfer
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contribution fraction of droplet forming stage, as the following
equation:

co — ¢
y=2"% (14)

€0 — C¢

Then, the contribution of mass transfer during droplet form-

ing stage to the total mass transfer process could be obtained
from Eq. (14). It can be seen from Fig. 7 that the mass trans-
fer during droplet forming stage contributed at least 30% of
the total mass transfer quantities in our experiments. So the
contribution of mass transfer during droplet forming stage can-
not be neglected at droplet flow in microchannels. While in the
conventional extraction process, the contribution of mass trans-
fer during droplet forming stage is usually less than 10%. The
difference is mainly because of the size effect in microscale.

3.6. Estimation of mass transfer coefficients during droplet
forming stage

The mass transfer coefficients during droplet forming stage
could also be calculated from the mass conservation equation
(11). The difference is that the mass transfer area A is depended
on the droplet forming time. And the relationship between the
droplet diameter and forming time can be obtained be the fol-
lowing equation at fixed dispersed flow rate Qg

6 1/3
b4
Substituting d from Eq. (15) into Eq. (11),
604\ "*rd
Kt~/ dr = — (Qd> rdee (16)
T 6 cc

From Eq. (16), the average mass transfer coefficient during
droplet forming stage is,

_ (6Q4/m)'Prineo/ch) _ darIn(co/cp)
9r;/? Ot

Kt a7

where f¢ is the time needed for droplet forming. Values of the
average mass transfer coefficient K. were obtained from the
experimental date using Eq. (17), which can be seen in Fig. 8.
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Fig. 7. The mass transfer contribution fraction during droplet forming stage: (a) co-flowing device; (b) flow-focusing device.
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Fig. 8. Mass transfer coefficients during drop forming stage K¢f. Cnaon =0.1 mol/L, Cyeig =0.138 mol/L: (a) co-flowing device; (b) flow-focusing device.

These are found to be in the range of 2.0-50.0 x 105 my/s,
with higher values being obtained for the higher flow velocities
and lower droplet diameter. And the mass transfer coefficients
were around 10-100 times higher than that of droplet moving
stage. The mainly reason was that vortex flow patterns within
the oil droplet generated by the shearing motion of the con-
tinuous phase enhances mass transfer and reaction rate during
droplet forming stage. And it facilitates the mass transfer per-
formance greatly. These results were very different to the mass
transfer in conventional extraction processes. The mass transfer
mechanism during droplet forming stage in microscale should
be investigated fundamentally in the further work.

4. Conclusions

In this work, we investigated the enhancement of mass trans-
fer performance of liquid-liquid dispersed system in microscale
by droplet flow in two types of microchannels. Mass transfer
time decreased from 4.0 to 0.4 s with the average droplet diame-
ter from 550 to 130 wm. Mass transfer rates were 10—-1000 times
higher compared with that of the conventional extraction pro-
cesses. Based on the qualitative analysis, mass transfer occurred
both at droplet forming and moving stages. There was almost
no relative-moving velocity between two phases because of the
co-flowing of continuous organic phase and aqueous phase dur-
ing droplet moving stage. While during droplet forming stage,
vortex flow patterns within the droplet could enhance mass trans-
fer process. And the mass transfer coefficients increased at 1-2
stages compared to that of droplet moving stage. The mass trans-
fer during droplet formation stage contributed at least 30% of
the total mass transfer quantities from the theoretical analyz-
ing. Our results indicate that droplet flow within a microscale
environment offers a viable alternative for two-phase reaction
or mass transfer systems. The mass transfer mechanism dur-
ing droplet forming stage in microscale should be investigated
fundamentally in the further work.
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