
A

M
M
T
g
l
o
d
i
©

K

1

c
v
i
e
b
p
e
a
m
s

s
t
a
o
t

1
d

Chemical Engineering Journal 141 (2008) 242–249

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

bstract

Two multiphase flow microfluidic devices based on the use of droplet flow to enhance the mass transfer performance have been specially developed.
ass transfer performance data has been obtained by monitoring the extraction of succinic acid from n-butanol to aqueous drops containing NaOH.
onodisperse aqueous droplets with average diameters of 130–550 �m were generated, and the mass transfer time was 0.4–4.0 s accordingly.

he mass transfer rate was 10–1000 times higher comparing to the traditional liquid–liquid systems. Vortex flow patterns within the droplet were
enerated during droplet forming stage that enhanced mass transfer rate greatly. The mass transfer during droplet formation stage contributed at
east 30% of the total mass transfer quantities from the theoretical analyzing. And the mass transfer coefficients were 10–100 times higher than that

f droplet moving stage. These results were very different to the mass transfer in conventional extraction processes. The mass transfer mechanism
uring droplet forming stage in microscale should be investigated fundamentally in the further work. The mass transfer results from this study
ndicate 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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. Introduction

The use of microfluidics offers a number of advantages over
onventional flow control technology [1–3]. High surface-to-
olume ratio and small volume expedite the chemical reaction
n microfluidic devices and improve the product yield. A high-
fficiency way for mass transfer and reaction enhancement is
y segmented flow in microchannels or capillaries. Vortex flow
atterns generated by the shearing motion within fluid segments
nhances mixing within segments and improves mass transfer
cross the interface [4–6]. Micro-segments can be applied in
odular synthetic chemistry, quantitative chemical analyses and

ynthesis of colloidal nanoparticles [7–9].
Recently, attention has been paid to immiscible liquid–liquid

ystems at microscale with a focus on intensification of mass
ransfer and reactions by dispersing one phase into the other

s droplets in micro-meters. Droplet flow in microchannels
ffers potentially further improvement in mass transfer. The time
o equilibrium scales with the diffusive path length squared.

∗ Corresponding author. Tel.: +86 10 62783870; fax: +86 10 62783870.
E-mail address: gsluo@tsinghua.edu.cn (G.S. Luo).
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herefore, if a droplet of radius 300 �m is created, the time
o equilibrium would be expected to decrease about 100-fold
ompared to a 3 mm droplet. Novel micromixers have been
eveloped using the microchannel dispersion method by Benz
nd Pennemann et al. [10,11]. They found that efficiency as
uch as 95% could be reached in short time with the droplet

iameters from 20 to 150 �m in a liquid–liquid extraction
rocess. In the same period, our research group developed
nother kind of micro-structured mixer based on the membrane
mulsification technology [12–14]. The results showed that in
icroscale dispersion extraction processes the mass transfer effi-

iency could be as much as 100%, and the mass transfer time was
ess than 0.5 s. Droplet flow in microscale has been also applied
or liquid–liquid micro-extraction, nanoparticle synthesis, rapid
eaction processes, and so on [15–17].

In the present work, we attempt to investigate the interfa-
ial mass transfer and reaction performance of liquid–liquid
ispersed system by using droplet flow in microchannels. The
ffects of two phase flow rates and two phase concentrations on

roplet size and mass transfer process have been studied. And
he mass transfer rate was compared with that of conventional
xtraction processes. Finally, the mass transfer mechanisms
ere discussed.

mailto:gsluo@tsinghua.edu.cn
dx.doi.org/10.1016/j.cej.2007.12.030
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. Experimental

.1. Microfluidic devices

The experiments were performed in two types of microflu-
dic devices fabricated on 100 mm × 20 mm × 5 mm polymethyl

etacrylate (PMMA) plates using an end mill. In the co-flowing
evice, the continuous and dispersed phase flow channels
imensions are approximately 100 �m wide × 100 �m high.
he measured channel dimensions were approximately 560 �m
ide × 500 �m high (Fig. 1a). In the flow-focusing device,

he continuous and dispersed phase flow channels dimen-
ions are approximately 150 �m wide × 100 �m high. The
easured channel dimensions were approximately 300 �m
ide × 250 �m high (Fig. 1b). Two microsyringe pumps and

hree gastight microsyringes were used to pump the two phases
nto the microfluidic devices, respectively.

.2. Materials

A simple acid-base reaction was used as the basis of this
tudy because, being extremely rapid, its progress is controlled
y the diffusion of the reactants within the two phases. It has the
urther advantage that conventional pH indicators can be used
o follow the reaction progress. These also clarify the photo-
raphic distinction between the two phases. Methyl Phenol Red
H indicator was added to distilled water to create a saturated
ystem, which was filtered and then diluted to by a factor of
wo with more distilled water. This was then used to produce
queous solution of NaOH in the range from 0.1 to 0.3 mol/L.
-Butanol was used as the organic phase. Succinic acid was
dded into n-butanol to produce organic solutions of 0.138 and
.23 mol/L. Because the PMMA plate is hydrophobic, so the
rganic phase was used as the continuous phase and the aque-
us phase was used as the dispersed phase. The solubility of
aOH in the organic phase is negligible whereas succinic acid

s completely soluble in the aqueous phase. The reaction is then
ssumed to take place solely in the aqueous phase as succinic
cid diffuses across the interface. The reaction involved in this
ork is given in Eq. (1). This requires a half mole of succinic
cid per mole NaOH:

HOOC(CH2)2COOH + 2NaOH

→ NaOOC(CH2)2COONa + 2H2O (1)

m
d
F
o

Fig. 1. The microfluidic devices: (a) co-flow
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.3. Visualization and analysis

Experiments were carried out with a microscope at the
agnification of 100×. A high-speed CCD video camera was

onnected to the microscope and the images were recorded with
frequency of 200 images per second. The diameter of aqueous
rops generated was measured from microscope images. Colour
hange was observed within the aqueous droplets as succinic
cid diffused into the aqueous phase reacting with NaOH and
hanging the pH of the droplet.

Analysis of the titration within the microfluidic device was
erformed through measurements of the distance along the chan-
el at which the pH indicator in the aqueous phase changed from
iolet red to yellow. Since the pH indicator changed colour as
he local pH passed through 7.2, this change indicated that the
mount of succinic acid which transferred into the aqueous drop
as about half of NaOH present within the drop. From this data

he time requirement for the transfer of a given proportion of
uccinic acid from the organic phase to the aqueous phase could
e obtained.

The droplets sizes and distances required to achieve a com-
lete colour change within the aqueous droplets for all the
xperiments were recorded and analyzed. Then the average
roplets diameters (dav), time requirements for droplet forma-
ion (tF), and time requirements for acid transfer during moving
tage (tm) could be obtained in different experimental condi-
ions. And the mass transfer time, which means the total time
equirements for mass transfer, could be calculated as the sum
f tF and tm. For each condition, we repeated the experiment
or three times, the standard deviations of the measured average
roplets diameters (dav) and time requirements for acid transfer
uring moving stage (tm) were both less than 10%.

. Results and discussion

.1. Typical micrographs during mass transfer processes

Fig. 2 shows the typical micrographs of colour change within
he droplet during droplet forming stage at the cross-junction
nd moving in the measured channel separately in both of the

icrofluidic devices. Vortex flow patterns within the aqueous

roplet could be observed during droplet forming stage from
ig. 2a. The vortex was mainly generated by the shearing motion
f the continuous phase, and it enhanced mixing within the

ing device; (b) flow-focusing device.
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ig. 2. Typical micrographs of colour change within the droplet during mass

NaOH = 0.10 mol/L, organic phase concentration Cacid = 0.138 mol/L; organic p

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

.2. Effects of two phase flow rates on droplet size and time
equired for acid transfer
Firstly, we investigated the influences of two phase flow
elocities on the droplet size and mass transfer time. Fig. 3
hows the effects of total flow velocity on the calculated aver-
ge droplet diameter and mass transfer time at three fixed flow

3

d
d

fer processes. The experimental conditions are, aqueous phase concentration
flow rate Qo = 20 �L/min, and aqueous phase flow rate Qw = 5 �L/min.

atios of the two phases in the co-flowing device. The average
roplet diameter was observed to decrease with the increase of
otal flow velocity, while increased with the increase of phase
atio (Qw/Qo). These results were similar to that of without mass
ransfer. On the other hand, the mass transfer time decreased
s total flow velocity was increased, while increased with the
ncrease of phase ratio (Qw/Qo). The results can be explained
y the differences in droplet size which affected the mass trans-
er rate. It also can be seen that mass transfer time decreased
rom 3.0 to 2.0 s with the average droplet diameter from 550 to

80 �m.

Fig. 4 shows the effects of total flow velocity on the average
roplet diameter and mass transfer time in the flow-focusing
evice. 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. CNaOH = 0.1 mol/L, Cacid = 0.138 mol/L.
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ig. 4. Effects of two phase flow velocities on the average droplet diameter and m

o 0.4 s with the average droplet diameter from 200 to 130 �m.
nd the mass transfer rate increased about 10 times by reducing

he droplet size from 550 to 130 �m.

.3. Effects of two phase concentrations

Fig. 5 shows the effect of total flow velocity on the aver-
ge droplet diameter and mass transfer time at different fixed
aOH concentrations in the co-flowing device. It can be seen
rom Fig. 4a that the average droplet diameter increased with
he increase of NaOH concentration at fixed two phase flow
elocities. Reasons of the difference in droplet size may lie in
he influence of chemical composition on systems’ interfacial

w
r

m

Fig. 5. Effect of the NaOH concentration on the average droplet diameter and ma
nsfer time in the flow-focusing device. CNaOH = 0.1 mol/L, Cacid = 0.138 mol/L.

ension. The mass transfer time also increased as the NaOH
oncentration was increased, which was mainly caused by the
ncrease of droplet diameter and the proportion of succinic acid
equired to change the indicator colour. Fig. 6 shows the effects
f total flow velocity on the average droplet diameter and mass
ransfer time at different fixed succinic acid concentrations. The
verage droplet diameter also increased with the increases of
cid concentration at fixed two phase flow velocities. While the
ass transfer time decreased as the succinic acid concentration

as increased. The mainly reason lies in that the mass transfer

ate increases with the increase of acid concentration.
In the flow-focusing device, the variations of droplet size and

ass transfer time with two phase concentrations were found to

ss transfer time in the co-flowing device. Cacid = 0.138 mol/L, Qw:Qo = 1:6.
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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 Kca and average droplet diameter dav between droplet flow in
microscale and conventional extraction processes

−1
ig. 6. Effect of the succinic acid concentration on the average droplet diamete

e similar to that in the co-flowing device. Because of the smaller
hannel size, the formed droplet diameter was in the range of
50–250 �m, and the mass transfer time was at 0.5–1.5 s.

.4. Enhancement of mass transfer process

A more formal comparison of the mass transfer performance
f the droplet flow in microscale with other systems may be
chieved through an estimation of the volumetric mass transfer
oefficient. In general terms the transfer rate of succinic acid
etween the droplets can be written as follows:

dC

dt
= Kca�C (2)

here �C is the concentration differential between the organic
nd aqueous phase. The interfacial area per unit volume across
hich the transfer takes place is represented by a, and the mass

ransfer coefficient for the system by Kc. For the model reaction,
hich is the neutralization of succinic acid, the intrinsic kinetics

s extremely fast. Therefore it was assumed that succinic acid
as consumed almost instantaneously as it entered the aqueous
roplets which contained an excess of NaOH. The concentration
ifferential between the droplets was therefore assumed to be

C = CORG − CAQ ≈ CORG (3)

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

dCORG

dt
= −KcaCORG (4)

rom Eq. (4) the time required for the proportion α of succinic
cid to be consumed in the titration should be given by

= − 1

Kca
ln(1 − α) (5)

rom Eq. (5), the estimation of the product of mass transfer
oefficient and interfacial area per unit volume, which means

he volumetric mass transfer coefficient Kca, could be provided
rom the following equation:

ca = −1

t
ln(1 − α) (6)

M

D
D
C

mass transfer time in the co-flowing device. CNaOH = 0.10 mol/L, Qw:Qo = 1:6.

Values of Kca were obtained from the experimental data using
q. (6). Table 1 shows the comparison of volumetric mass trans-

er coefficient between the droplet flow in microchannels and
hat in the conventional extraction columns. It is found that the

ass transfer rate was increased with the decrease of formed
roplet diameter. In the co-flowing microchannels, the value of
ca was about 0.1 s−1 when the droplet diameter was 0.35 mm,
hich was around 100 times higher to that in the extraction

olumns with the droplet diameter 3.0 mm. While in the flow-
ocusing microchannels, the volumetric mass transfer coefficient
ould be increased to 0.5 s−1 with the droplet diameter decreased
o 0.13 mm. The increase of mass transfer rate was mainly caused
y the enhancement of mass transfer during droplet forming
nd moving stages in microscale. During droplet moving stage,
he mass transfer coefficient and interfacial area per unit vol-
me both increase with the decrease of droplet diameter, and
he mass transfer rate increases greatly. During droplet forming
tage, vortex flow patterns within the aqueous droplet generated
y the shearing motion of continuous phase could also enhance
he mass transfer process. So we should consider the contribu-
ion of mass transfer enhancement at both droplet moving and
orming stages.

.5. Discussion of mass transfer contributions during
roplet forming and moving stages

During droplet moving stage, there was no relative-moving
elocity between two phases because of the co-flowing of contin-
ous organic phase and aqueous drops. So we could assume the
ass transfer process dav (mm) Kca (s )

roplet flow in co-flowing microchannels 0.35–0.55 0.02–0.1
roplet flow in flow-focusing microchannels 0.13–0.25 0.23–0.5
onventional extraction columns [18,19] 2.0–3.0 10−4–10−3
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atively confirm the mass transfer contribution during droplet
oving stage. It would be usable for us to develop the mass

ransfer mechanism during droplet forming stage in microscale.
The mass transfer coefficients inside and outside a stagnant

roplet in the quiescent continuous phase could be calculated as
20,21]

hd = kdd

Dd
= 6.58 (7)

hc = kcd

Dc
= 2.0 + 0.76Re1/2Sc1/3 (8)

rom Eqs. (7) and (8), the total mass transfer coefficient Kc can
e predicted as

1

Kc
= 1

kc
+ 1

mkd
(9)

here m = c∗
d/cc = 0.935, is the distribution coefficient of suc-

inic acid between two phases. From Eq. (9), the values of Kc in
ur experiments were in the range of 3.3–5.7 × 10−6 m/s during
roplet moving stage. From the mass transfer Eq. (10),

= KcA(cc − cci) (10)

here cci equals zero in our experiments, cc is the main concen-
ration of succinic acid in the continuous phase. Based on the

ass conservation equation,

cA(cc − cci) dt = −Vc dcc (11)

t

0
KcA dt = −Vc

∫ c

c′
0

1

cc − cci
dcc = −Vc ln

(
cc − cci

c′
0 − cci

)
(12)

here Vc = (Qc/Qd)Vd, and r = (Qc/Qd), is the flow ratio of two
hases. The following equation is obtained by simplifying Eqs.
11) and (12),

n

(
c′

0
)

= 6tKc (13)

ct rdd

erein, dd is the droplet diameter. So the initial concentration of
he acid during droplet moving stage can be calculated from Eq.
13). We define a parameter y, which means the mass transfer

w
a
e

Fig. 7. The mass transfer contribution fraction during droplet form
Journal 141 (2008) 242–249 247

ontribution fraction of droplet forming stage, as the following
quation:

= c0 − c′
0

c0 − ct

(14)

Then, the contribution of mass transfer during droplet form-
ng stage to the total mass transfer process could be obtained
rom Eq. (14). It can be seen from Fig. 7 that the mass trans-
er during droplet forming stage contributed at least 30% of
he total mass transfer quantities in our experiments. So the
ontribution of mass transfer during droplet forming stage can-
ot be neglected at droplet flow in microchannels. While in the
onventional extraction process, the contribution of mass trans-
er during droplet forming stage is usually less than 10%. The
ifference is mainly because of the size effect in microscale.

.6. Estimation of mass transfer coefficients during droplet
orming stage

The mass transfer coefficients during droplet forming stage
ould also be calculated from the mass conservation equation
11). The difference is that the mass transfer area A is depended
n the droplet forming time. And the relationship between the
roplet diameter and forming time can be obtained be the fol-
owing equation at fixed dispersed flow rate Qd

=
(

6Qd

π
t

)1/3

(15)

ubstituting d from Eq. (15) into Eq. (11),

cft
−(1/3) dt = −

(
6Qd

π

)1/3
r

6

dcc

cc
(16)

rom Eq. (16), the average mass transfer coefficient during
roplet forming stage is,

cf = (6Qd/π)1/3r ln(c0/c
′
0)

2/3 = ddr ln(c0/c
′
0)

(17)

9tf

9tf

here tf is the time needed for droplet forming. Values of the
verage mass transfer coefficient Kcf were obtained from the
xperimental date using Eq. (17), which can be seen in Fig. 8.

ing stage: (a) co-flowing device; (b) flow-focusing device.
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Fig. 8. Mass transfer coefficients during drop forming stage Kcf. CNaOH =

hese are found to be in the range of 2.0–50.0 × 10−5 m/s,
ith higher values being obtained for the higher flow velocities

nd lower droplet diameter. And the mass transfer coefficients
ere around 10–100 times higher than that of droplet moving

tage. The mainly reason was that vortex flow patterns within
he oil droplet generated by the shearing motion of the con-
inuous phase enhances mass transfer and reaction rate during
roplet forming stage. And it facilitates the mass transfer per-
ormance greatly. These results were very different to the mass
ransfer in conventional extraction processes. The mass transfer

echanism during droplet forming stage in microscale should
e investigated fundamentally in the further work.

. Conclusions

In this work, we investigated the enhancement of mass trans-
er performance of liquid–liquid dispersed system in microscale
y droplet flow in two types of microchannels. Mass transfer
ime decreased from 4.0 to 0.4 s with the average droplet diame-
er from 550 to 130 �m. Mass transfer rates were 10–1000 times
igher compared with that of the conventional extraction pro-
esses. Based on the qualitative analysis, mass transfer occurred
oth at droplet forming and moving stages. There was almost
o relative-moving velocity between two phases because of the
o-flowing of continuous organic phase and aqueous phase dur-
ng droplet moving stage. While during droplet forming stage,
ortex flow patterns within the droplet could enhance mass trans-
er process. And the mass transfer coefficients increased at 1–2
tages compared to that of droplet moving stage. The mass trans-
er during droplet formation stage contributed at least 30% of
he total mass transfer quantities from the theoretical analyz-
ng. Our results indicate that droplet flow within a microscale
nvironment offers a viable alternative for two-phase reaction
r mass transfer systems. The mass transfer mechanism dur-
ng droplet forming stage in microscale should be investigated
undamentally in the further work.
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