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In this experiment, the inert gas is used to agitate two immiscible fluids in micro-
channels. The mass transfer performances with or without gas agitation are investi-
gated. 30% TBP (in kerosene)-acetic acid-water is chosen as testing system, and nitro-
gen as agitating gas. The superficial velocities of the immiscible liquid–liquid two
phases and gas phase are varied in the range from 0.02 to 1.2 m/s, and 0 to 3.0 m/s,
respectively. In microchannels, with enough gas agitating intensity, high dispersion
between two immiscible liquid phases can be obtained. The overall volumetric mean
mass transfer coefficients are two-folds higher than those without gas agitating, which
are in the range of 3.8–30.6 s�1. Some parameters which impact on the mass transfer
process, such as the mixture superficial velocity of the immiscible liquid–liquid two
phases, the gas superficial velocity, the microchannel structure, the gas inlet locations
and the sampling time are experimentally investigated. VVC 2009 American Institute of

Chemical Engineers AIChE J, 55: 1948–1958, 2009
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Introduction

Among the various chemical reactions occurring in broad
range of industrial application areas, multiphase reaction
processes are well-known and widespread, such as gas–liq-
uid, liquid–liquid, solid–liquid, gas–liquid–liquid three-phase
reactions, etc. And these processes are determined by reac-
tion intrinsic kinetics or mass transfer depending on the
characteristics of reaction and fluid hydrodynamics. Unique
features due to extremely large surface-to-volume ratio and
the short transport path in microreactors,1–3 such as fast mix-

ing, rapid heat exchange, etc. can be used for the controlling
of extreme reactions in chemical industry. The gas–liquid
two-phase reaction in microreactor mostly focuses on direct
fluorination,4 hydrogenation,5 oxidation,6 gas absorption.7

The liquid–liquid two-phase reaction in microreactor mostly
focuses on nitration,8 diazo-reaction,9 nanoparticles synthe-
sis,10 extraction.11 For the optimization of microchemical
devices, the mass transfer characteristics inside the devices
must be systematically investigated.

Some authors12,13 have investigated homogeneous fluids
mixing processes in T-shaped and twisted microchannels,
respectively. Experimental and numerical results showed that
ideal mixing can be obtained dependent of the asymmetrical
flow conditions, the generation of vortices and secondary
flow at the T-junction.11 And the swaying of the fluids in the
twisted microchannel caused chaotic advection, hence
improved mixing.12 Yang et al.14 designed an ultrasonic
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stirring microfluidic mixer, which intensified mixing by
introducing ultrasonic vibration. Ismagilov et al.15,16 investi-
gated rapidly mixing of multiple reagents isolated in droplets
(plugs), and they considered that winding microchannels
make chaotic advection appear in plugs by internal circula-
tion, which can stretch and fold the fluids striation, eventu-
ally the intensification of mixing in droplets can be obtained.
Matsuyama et al.17 demonstrated experimentally that the two
miscible liquids slug droplets could be formed by introduc-
ing the immisicible carrier phase, and showed this slug-
based microfluidics could offer rapid mixing and the reactant
arrangements by internal circulation in slug. Jensen and his
co-workers18–20 testified that the two miscible liquids slug
droplets could be formed by introducing gas in microchan-

nel. Reactions in droplets21,22 in microfluidic channels have
also attracted many researchers due to the elimination of
Taylor dispersion by internal circulation, such as the mea-
surement of fast reaction kinetics parameters,23 protein crys-
tallization,24 synthesis of nanoparticles,25 etc. However, little
attention had been paid to the immiscible liquid–liquid two-
phase mixing in microchannels.

Triplett et al.26,27 investigated the gas–liquid two-phase
flow patterns in microchannels. They observed five flow pat-
terns including bubbly, churn, slug, slug-annular and annular,
and predicted the frictional pressure drop accurately by using
the two-phase friction factor based on homogeneous mixture
assumption. Yue et al.28 studied the hydrodynamics and
mass transfer characteristics on gas–liquid flow in a

Figure 1. Schematic diagram of mass transfer process.

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

Figure 2. Schematic diagram of experimental setup.

(A) Liquid tank; (B) piston pump; (C) check valve; (D) gas cylinder; (E) mass flow controller; (F) CCD; (G) separatory funnel; (H) micro-
channel-1; (I) microchannel-2; (J) microchannel-3. [Color figure can be viewed in the online issue, which is available at www.interscience.
wiley.com.]
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rectangular microchannel. Liquid side volumetric mass trans-
fer coefficients increased with increasing superficial liquid or
gas velocity, and were higher at least one or two orders of
magnitude than those in conventional gas–liquid contactors.

Zhao et al.29,30 studied the immiscible liquid–liquid two-
phase flow patterns and the mass transfer characteristics of
immiscible fluids in T-junction microchannels. Five flow pat-
terns were identified in a microchannel according to compe-
tition between interfacial tension and inertia force. The over-
all volumetric mass transfer coefficients were two or three
orders of magnitude higher than those of conventional liq-
uid–liquid contactors. However, they didn’t consider intro-
ducing the immisicible carrier phase which can further inten-
sify liquid–liquid mass transfer process in microchannels.

Galkin et al.31 found that the efficiency of conventional
extraction columns with sieve plates were inadequate. The
extraction efficiency was nearly three times of that of con-
ventional columns when air was introduced into the column
at the lower end. Sohn et al.32 studied a novel solvent
extraction process in which the emulsion was generated by
bottom gas injection rather than mechanical stirring. They
claimed that the process could provide sufficiently large
interfacial area for mass transfer, and had a number of
advantages over the mixer-settler unit or the spray column.
Lu et al.33 carried out experimental investigation and simula-
tion of a gas-agitated sieve plate column. They found that
the overall plate extraction increased with the increasing gas
velocity, and the plate numbers of gas-agitated sieve plate
extraction column were 30–40% less than that of liquid–liq-
uid sieve plate column.

It is difficult to carry out mechanical stirring in micro-
structured equipments, so we need to consider other methods
in order to further intensify the mass transfer of two immis-
cible liquid–liquid two phases. In this article, the main
objective is to study the effect of gas agitation on the liq-
uid–liquid two-phase mass transfer process in microchannel.
The effects of the microchannel structure, the gas flux and
the gas inlet locations on the overall volumetric mean mass
transfer coefficients are investigated experimentally. Mutu-
ally saturated deionized water and 30% TBP (in kerosene)
are used as the working fluids (TBP is the abbreviation of
tributyl phosphate), the acetic acid as the only diffusing spe-
cies is transferred from oil to aqueous phase. Nitrogen is
used as agitating gas. The mass transfer process between the
immiscible liquid–liquid two phases is shown in Figure 1.

Experimental Section

The experimental apparatus is shown in Figure 2. The
depth, width and length of three rectangular microchannels
are 0.3, 0.5, and 60 mm, respectively. Microchannel-1 is

straight channel, microchannel-2 has two 90� bends, micro-
channel-3 has five 90� bends. These microchannels are
fabricated in the polymethyl methacrylate (PMMA) substrate
by micromachining technology. The physical properties of
the two immiscible liquid phases and nitrogen are listed in
Table 1.

Flow patterns are recorded with the high-speed CCD cam-
era. The working fluids are kerosene and de-ionized water
with minute amounts of methylene blue dissolved in it for
better visualization of the flow phenomena. The organic and
aqueous phases are forced to flow through the horizontal rec-
tangular microchannel by high precision piston pumps (Bei-
jing Satellite Manufacturing Factory, measurement range:
0.01–20 ml/min). A mass flow controller (Beijing Sevenstar
Electronics Company, measurement range: 0–50 ml/min) is
used to ensure a constant gas flux into the microchannel.

In all mass transfer experimental runs, the volume flux ra-
tio of organic phase to aqueous phase (defined as q) is
adjusted to 1/3. When investigating the effect of microchan-
nel structure on mass transfer, the inlet-1 and the inlet-2 are
used as the inlets for the organic phase and the aqueous
phase respectively, the inlet-3 is closed. Nitrogen is intro-
duced into microchannel from the inlet-2 or the inlet-3, and
directly emitted in the outlet of microchannel. Separatory
funnel is used to collect samples of the outlet streams, and
the two immiscible phases are separated immediately after
sampling finish. The amount of acetic acid transferred from
the organic phase into the aqueous phase is analyzed by neu-
tralization titration. Each experimental run is repeated at
least two times, and each data point represents the mean
value of at least two measurements of the outlet concentra-
tion of organic phase, and the relative deviation does not
exceed �5% in all the experiments.

Results and Discussion

The overall volumetric mean mass transfer coefficients
(ka) are used to represent the mass transfer characteristics in
microchannels in this article. The Reynolds number of the
two immiscible phases (ReM) was used as a main parameter
based on the pseudo-homogeneous model according to the
main mass transfer zone at the T-junction of microchannel
system.30 In this work, based on experimental facts, the par-
allel flow of the immiscible liquid–liquid two phases (contin-
uous phase flow pattern) can be transformed into the dis-
persed flow pattern, and better mixing performance can be
obtained easily in microchannels by gas agitation, which can
be considered a pseudo-homogeneous state. So, we think the
pseudo-homogeneous model is suitable for explaining experi-
mental results. The cross-sectional area of the three micro-
channels is a constant (0.3 � 0.5 mm2), so there is a linear

Table 1. The Properties of the Working System (At 293K and Atmospheric Pressure)

Mass Transfer System Density (kg/m3) Viscosity (mPa�s) Contact Angle with PMMA (�)

Deionized water 991.4 1.05 76
30%TBP(in kerosene) 845.0 2.09 0
Nitrogen 1.16 0.017 –

30% TBP (in kerosene)/acetic acid/water system partition coefficient 0.54
30% TBP (in kerosene)-water system interfacial tension (mN/m) 9.95
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relationship between volume flow rate and superficial veloc-
ity. And the Reynolds numbers of the two immiscible phases
can be calculated by the following equations:

ReM ¼ DHUMqM
lM

(1)

DH ¼ 4A

2ðhþ wÞ (2)

Uaq ¼ Qaq

A
(3)

Uor ¼ Qor

A
(4)

UM ¼ Uaq þ Uor (5)

qM ¼ uor

qor
þ 1� uor

qaq

 !�1

(6)

lM ¼ uor

lor
þ 1� uor

laq

 !�1

(7)

uor ¼
Qor

Qor þ Qaq

(8)

The gas superficial velocity Ug is calculated using the gas
density under the local pressure in the observation window
by assuming a linear pressure distribution along the micro-
channel. The Reynolds numbers of the gas phase can be cal-
culated by the following equations:

Ug ¼ Qg

A
(9)

Reg ¼
DHUgqg

lg
(10)

The overall volumetric mean mass transfer coefficients
can be calculated by the following equations:

R ¼ QorðCor;i � Cor;oÞ ¼ kaVDCm (11)

ka ¼ QorðCor;i � Cor;oÞ
VDCm

(12)

DCm ¼ ðCor;i � C�
or;iÞ � ðCor;o � C�

or;oÞ
ln

ðCor;i�C�
or;iÞ

ðCor;o�C�
or;oÞ

h i (13)

C�
or ¼ mCaq (14)

where a, V, Qor, R, and DCm are the interfacial mass transfer
area between the phases per unit volume of the microchannel,
microchannel volume, volumetric flow rate of organic
solutions, extraction rates, and logarithmic mean concentration
driving force, respectively. C�

or;i is the equilibrium concentra-
tion of the solutes in the inlet organic phase, corresponding to

the actual inlet concentration of the solutes in the aqueous
phase, and C�

or;o is the equilibrium concentration of the solutes
in the outlet organic phase, corresponding to the actual outlet
concentration of the solutes in the aqueous phase.

Effect of the introducing gas on the dispersion of
aqueous and organic phases

The PMMA surface is hydrophobic, so the contact angle
of organic phase and wall surface is smaller than that of
aqueous phase, and the aqueous phase is prone to form dis-
persed phase.34 In the operating range of the total liquid
phase flux in all experimental runs, the organic phase and
the aqueous phase form parallel flow without introducing
gas. In fact, in microscale space, surface effects become
obvious, and interfacial tension plays an important role.29

Parallel flow exists over a wide range of phase flow rates in
microchannel, which may be resulted from the mutual action
of interfacial force and viscous force.35

Figure 3 shows the aqueous phase is dispersed by the gas

agitation and interfacial force at the fluids inlet locations of

microchannel-1 under different flux conditions. The gas agi-

tation can break the stable parallel flow patterns of immisci-

ble liquid–liquid two phases. At low total liquid flux and

low liquid flux ratio (q¼1/3), an interesting phenomenon

appears as shown in Figure 3a, pearl-necklace state can be

formed at the fluids inlet locations by introducing gas, in

which the aqueous phase slugs and the gas slugs contact

each other alternately and form a train surrounded by the or-

ganic phase. At the same superficial liquid velocity, the dis-

persing method may be different depending on different su-

perficial gas velocity, at low gas velocity, the aqueous phase

is sheared (Figure 3b, c), but at high gas velocity, the aque-

ous phase is ripped up (Figure 3d).
Figures 4 and 5 show the flow patterns change with the

increase in gas superficial velocity in the microchannel-1,
which are fully developed flow patterns. The immiscible liq-

uid–liquid two phases form stable parallel flow without
introducing gas into the microchannel (Figures 4a and 5a).

The increase in gas velocity at the same total liquid velocity
leads to shorter aqueous phase slugs and longer gas phase

slugs. As the gas velocity further increases, the distance
between the two adjacent gas phase slugs becomes shorter

and the aqueous phase slug volume is smaller (Figures 4d
and 5d). When the gas velocity is large enough, the gas

occupies most of space in the microchannel and the two liq-
uid phases are squeezed to the walls of microchannel (Fig-

ures 4e, f and 5e, f). At the moment, the inertia force of gas
dominates compared to the interfacial tension of liquid–liq-

uid two phases, the aqueous phase is broken up to smaller
droplets whose size is about 10–20 lm, and even less than

the minimal detection range of the high-speed CCD camera
(Figure 4f). Under this operational condition, the immiscible

liquid–liquid two phase mix acutely, its interface is difficult
to distinguish and interfacial area is very large. In the case

of low liquid flux ratio (q ¼ 1/3), the gas–liquid–liquid
three-phase flow pattern with enough gas agitation resembles

the churn flow of gas–liquid two-phase in microchannel
(Figure 5e, f), the interfacial area and the intensity of inter-

face turbulence is large.
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Effect of the microchannel structure on the values of ka

Microchannel structure can affect flow state and mass
transfer process. Fries et al.36 had demonstrated that for seg-
mented gas-liquid flow, an increase in mass transfer over the
complete channel diameter is possible by using meandering
microchannels. Figure 6 shows the overall volumetric mean
mass transfer coefficients increase with increasing of ReM
numbers in three different microchannels without introducing
gas. Such a behavior is the consequence of increases in the
surface renewal velocity and the interfacial mass transfer
area due to the interface disturbance of the two immiscible

Figure 4. Effect of the gas phase flux on the dispersion
of aqueous and organic phases.

Uor ¼ 0.222 m/s, Uaq ¼ 0.111 m/s, q ¼ 2, ReM ¼ 72.6. Ug

(m/s): (a) 0, (b) 0.134, (c) 0.945, (d) 1.41, (e) 2.29, (f) 2.84.

Figure 5. Effect of the gas phase flux on the dispersion
of aqueous and organic phases.

Uor ¼ 0.111 m/s, Uaq ¼ 0.333 m/s, q ¼ 1/3, ReM ¼ 127.
Ug (m/s): (a) 0, (b) 0.066, (c) 0.14, (d) 0.94, (e) 3.29, (f)
4.34.

Figure 6. Effect of the microchannel structure on ka
without gas agitation.

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

Figure 3. Effect of the gas phase shear on dispersing
dispersed phase in the microchannel-1 inlet
locations.

(a) Uor ¼ 0.011 m/s, Uaq ¼ 0.033 m/s, q ¼ 1/3, ReM ¼
12.7, Ug ¼ 0.144 m/s. (b) Uor ¼ Uaq ¼ 0.222 m/s, q ¼ 1,
ReM ¼ 109, Ug ¼ 0.066 m/s. (c) Uor ¼ Uaq ¼ 0.222 m/s, q
¼ 1, ReM ¼ 109, Ug ¼ 0.137 m/s. (d) Uor ¼ Uaq ¼ 0.222
m/s, q ¼ 1, ReM ¼ 109, Ug ¼ 2.22 m/s.
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phases. At low ReM (ReM \ 100), the overall volumetric
mean mass transfer coefficients in the three different micro-
channels are nearly equal to each other, and when ReM [
100, ka3 [ ka2 [ ka1, especially when ReM [ 400, the case
is more obvious. It demonstrates that the microchannel struc-
ture does not affect the mass transfer process when ReM is
relatively low, but the influence is visible with ReM increas-
ing. An explanation for this phenomenon may be as follows:
at low ReM numbers, the liquid–liquid two-phase flow pat-
tern is stable parallel flow and the interface of the two
phases is smooth, even in the microchannel with existing
bends; however, the interface of the two immiscible fluids
are stretched, folded and distorted, even secondary flow can
appear when the fluids flow through the microchannel bends
at medium and high ReM numbers. Secondary flow12 can be
obtained where there are some discontinuities in the flow
conduit, such as the presence of a sharp bend where centrifu-
gal forces appear. Secondary flow causes vortices and
engulfment flow. The vortices shear striation layers, and the
interfacial mass transfer area increases and the mass transfer
distance becomes shorter. So the mass transfer process can
be dramatically intensified.

Secondary flow becomes weak and disappears quickly af-
ter flowing through the bends due to the viscous channel
wall friction, but maybe appears again when meeting the
next bend. Because the microchannel-3 has maximum bends
(90�), hence the mass transfer is better.

Effect of the gas superficial velocity on the values of ka

Figure 7 shows the effect of the gas superficial velocity
on the overall volumetric mean mass transfer coefficients.
The values of ka increase as the gas velocity increases in the
three different microchannels under different total liquid
phase flux conditions. In the scope of all ReM numbers of
the experiment, the flow pattern of the immiscible liquid–liq-
uid two phases in the microchannels is parallel flow29 with-
out introducing gas, but the gas can destroy the parallel flow
as discussed in the front part. At low total liquid phase flux,
the aqueous phase can be broken up to slugs by a litter gas
agitation at the inlet locations of microchannel. There are in-
ternal circulations in slugs due to the difference in the direc-
tion of motion of the fluid relative to the walls,15 hence the
surface renewal velocity is enlarged, and the mass transfer
process is intensified. As the gas velocity further increases,
the volume of the aqueous phase slugs surrounded by the or-
ganic phase becomes smaller, which makes the intensity of
internal circulations more dramatic and interfacial area
larger, and the surface renewal velocity and the interfacial
mass transfer area are further increased. The two liquid
phases are squeezed to the walls of microchannel, the inter-
face of the immiscible liquid–liquid two phases is not
explicit and the disturbance is drastic with enough gas agita-
tion, which all increase the interfacial mass transfer area and
the surface renewal velocity, and finally large overall volu-
metric mean mass transfer coefficients can be obtained.

In fact, in microscale space, the microchannel can be con-
sidered as microstirred tank, and the gas as microagitator,
that is, as a way of introducing exterior energy. The mixing
and mass transfer process of immiscible liquid–liquid two
phases are intensified by gas agitation in the microchannels.

Figure 7. Effect of the gas phase flux on ka under dif-
ferent total liquid phase flux.

: Uor ¼ 0.178 m/s, Uaq ¼ 0.534 m/s, q ¼ 1/3, ReM¼ 203. : Uor ¼ 0.333 m/s, Uaq ¼ 1 m/s, q ¼ 1/3,
ReM ¼ 381. : Uor ¼ 0.556 m/s, Uaq ¼ 1.67 m/s,
q ¼ 1/3, ReM ¼ 635. [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.
com.]
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Effect of the microchannel structure on the values
of ka with introducing gas

The effects of microchannel structure on the overall volu-
metric mean mass transfer coefficients with introducing gas
are shown in Figures 8 and 9. The results demonstrate that
the overall volumetric mean mass transfer coefficients in
microchannel-3 are larger compared to those in microchan-
nel-2 and microchannel-1 at the same flux, so it has the bet-
ter mass transfer performance. This is attributed to the dif-
ferent dispersion performance to the immiscible liquid–liquid
two phases by gas agitation in the three different microchan-
nels. The gas–liquid–liquid three-phase flow patterns are
almost determined by the inlet locations of the microchan-
nel-1, however, they vary dramatically when the gas–liquid–
liquid three-phase fluids flow through the 90� bends of the
microchannel-2 and the microchannel-3. The centrifugal
force37 that is caused by abrupt varying of the flow direction
plays an important role in the bends. The region of flow
with a higher flow velocity tends to flow outwards while the
slower flow at the top and bottom walls of the channel tends
to flow inwards towards the bend under the action of centrif-
ugal force. The slugs of aqueous phase are further broken up
to smaller droplets by vertically impinging the channel wall
when flowing through the microchannel bends successively
under the condition of the centrifugal force effect (Figure
10a0), as a consequence, large interfacial mass transfer area
and large surface renewal velocity can be obtained. At large
total gas–liquid–liquid three phase flux, the effect of centrif-
ugal force greatly exceeds the effect of interfacial tension in
the microchannel bends. As shown in Figure 10b0, at large
total liquid phase velocity and large gas velocity, when the
fluids flow through every bend successively, the interface of
immiscible liquid–liquid two phases becomes more unclear
and the disturbance is more drastic with the joint action of
gas agitation and microchannel bends, hence the interfacial
mass transfer area and the surface renewal velocity are
enlarged.

When flowing through the microchannel bends, even if
the slugs of aqueous phase are not further broken up, the
bends can also intensify the mass transfer process by gas
agitation. The reason may be as follows: the aqueous phase
slug has two symmetrical internal circulations in straight
microchannel, but the slug is stretched, folded and distorted
when flowing through the bends in the winding microchan-
nel,15,16 hence the symmetry of internal circulations is
destroyed38 and chaotic advection appears. The surface
renewal velocity is enlarged due to the improvement of mix-
ing performance in the aqueous phase slugs by chaotic
advection.

The high dispersion of the immiscible liquid–liquid two
phases can be obtained by the combined action of gas agita-
tion and bends in the microchannels. The interfacial mass
transfer area and the surface renewal velocity are all
increased dramatically. The overall volumetric mean mass
transfer coefficients are two-folds higher than those without
gas agitating.

Effect of the gas inlet locations

Figure 11 demonstrates the dependency of the overall vol-
umetric mean mass transfer coefficients on the gas inlet loca-
tions in the microchannel-3. From Figure 12, we can see that
introducing gas from inlet-2 is better than from inlet-3 when
the total liquid phase flux is relatively low, but the gas inlet
locations do not impact on the overall volumetric mean mass
transfer coefficients any more when the total liquid phases
flux is larger. As the experimental observations, when intro-
ducing gas from inlet-2, the gas bubbles size is smaller and
the frequency of producing bubbles is higher than those
from inlet-3 (Figure 12), therefore, the gas can shear and
disturb the interface of the immiscible liquid–liquid two
phases more effectively, which results in an increase in the
surface renewal velocity. This can be explained that the
effect of bends is superior to other factors when the total

Figure 8. Effect of the microchannel structure on ka
with gas agitation.

Uor ¼ 0.333 m/s, Uaq ¼ 1 m/s, q ¼ 1/3, ReM ¼ 381. [Color
figure can be viewed in the online issue, which is available
at www.interscience.wiley.com.]

Figure 9. Effect of the microchannel structure on ka
with gas agitation.

Uor ¼ 0.556 m/s, Uaq ¼ 1.67 m/s, q ¼ 1/3, ReM ¼ 635.
[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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liquid phase flux is larger, and the effect of the gas inlet
locations can be neglected.

Correlation of the mass transfer data

The ReM and microchannel structure are important opera-
tion parameters based on the frontal discussion. The effect
of ReM can be expressed as ReaM in the correlations accord-
ing to previous work.30 The mass transfer process between
the immiscible liquid–liquid two phases can be intensified
dramatically by gas agitation, so when predicting the volu-
metric mass transfer coefficients, the gas agitation must be
considered as an important influence factor, which appears
in the form of dimensionless number Reg in the correlations.
The factor exp(bReg) can be used to express the enhance-
ment effect of gas agitation in the mass transfer process
between the immiscible liquid–liquid two phases. When Reg
equals to zero, the factor exp(bReg) equals to 1, which repre-
sents the condition without gas agitation. The following cor-
relations based on analysis of multiple linear regression are
found to predict ka values well under the operation condition
(q ¼ 1/3, ReM \ 700, Reg \ 100).

For microchannel-1:

ka ¼ 0:02325Re0:9475M expð0:0066RegÞ (15)

For microchannel-2:

ka ¼ 0:03085Re0:9318M expð0:0079RegÞ (16)

For microchannel-3:

ka ¼ 0:03501Re0:9326M expð0:0068RegÞ (17)

Figure 13 demonstrates the experimental value of ka vs. the
predicted value by Eqs. 15–17. The maximum relative devia-
tion between the experimental and predicted values of ka does
not exceed �18%. From these correlations we can see the rel-
ative importance of the pertinent parameters on the mass
transfer process in different structure microchannels.

Comparison with other kinds of liquid–liquid contactors

Table 2 lists typical overall volumetric mass transfer coef-
ficients in the microchannel with and without gas agitation,

Figure 10. Effect of the microchannel-3 bends on the immiscible liquid–liquid two-phase dispersion with gas agita-
tion at different total liquid phase velocity.

Flow state in 1st bend (a), 3rd bend (b), 5th bend (c). (a0) Uor ¼ 0.056 m/s, Uaq ¼ 0.167 m/s, q ¼ 1/3, ReM ¼ 47.7, Ug ¼ 0.495 m/s.
(b0) Uor ¼ 0.556 m/s, Uaq ¼ 1.67 m/s, q ¼ 1/3, ReM ¼ 635, Ug ¼ 1.99 m/s.
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as well as those for some familiar liquid–liquid contactors.
From Table 2 we can see the overall volumetric mass trans-
fer coefficients obtained in the microchannels are more than
two or three orders of magnitude higher than those liquid–
liquid large scaled contactors.32,39 Better mass transfer per-
formance can be obtained in the microchannel, with the vol-
ume of microchannel smaller by two orders of magnitude.
Therefore, significant mass transfer intensification implies
that the adoption of microchannel is beneficial to many
industrially important liquid–liquid mass transfer operations
and reactions.

Conclusions

A new method which intensifies the mass transfer of two
immiscible liquid–liquid phases in the microchannel by gas
agitation is investigated. The effects of some pertinent pa-
rameters on the overall volumetric mean mass transfer coef-
ficients have been studied. It is found that:

Figure 11. Effect of the gas inlet locations on ka at low
total liquid phase flux in the microchannel-3.

(a) Uor ¼ 0.111 m/s, Uaq ¼ 0.333 m/s, q ¼ 1/3, ReM ¼ 127.
(b) Uor ¼ 0.5 m/s, Uaq ¼ 1.5 m/s, q ¼ 1/3, ReM ¼ 507.
[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

Figure 12. Effect of the gas inlet locations on the flow state.

(a) gas inlet-3; (b) gas inlet-2. Uor ¼ 0.278 m/s, Uaq ¼ 0.833 m/s, q ¼ 1/3, ReM ¼ 317, Ug ¼ 0.758 m/s.

Figure 13. Experimental vs. predicted values of ka.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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1) The high dispersion of aqueous phase and organic
phase in microhannel can be obtained by gas agitation. The
dispersion performance is relevant to the gas velocity.

2) The microchannel structure does not affect the mass
transfer process between the immiscible liquid–liquid two
phases when ReM are relatively low, but the influence is visi-
ble with ReM increasing. The bends of microchannel can
improve the mass transfer process.

3) In the microchannel, the mass transfer process
between the immiscible liquid–liquid two phases can be
intensified by gas agitation. In microscale space, the micro-
channel can be considered as microstirred tank, and the gas
as microagitator. The overall volumetric mean mass transfer
coefficients are two-folds higher than those without gas agi-
tating.

4) The gas inlet locations impact on the overall volumet-
ric mean mass transfer coefficients at low total liquid phase
flux, but the gas inlet locations do not impact on the overall
volumetric mean mass transfer coefficients at high total liq-
uid phase flux.

5) Compared with the other liquid–liquid contactors
reported on the overall volumetric mass transfer coefficients,
the microchannel contactor can significantly enhance the
mass transfer process.
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Notation

a ¼ interfacial area, m2/m3

A ¼ cross-sectional area of microchannel, m2

Caq ¼ concentration of aqueous phase, mol/l
C�
or;i ¼ equilibrium concentration of the solutes in the inlet organic

phase corresponding to the actual inlet concentration of the
solutes in the aqueous phase, mol/l

Cor,o ¼ concentration of the solute in the organic phase after phases
separating, mol/l

C�
or;o ¼ equilibrium concentration of the solutes in the outlet organic

phase corresponding to the actual outlet concentration of the
solutes in the aqueous phase, mol/l

DH ¼ hydraulic diameter of microchannel, m
k ¼ overall mean mass transfer coefficient, m/s

ka ¼ overall mean mass transfer coefficient, 1/s
kai ¼ overall volumetric mean mass transfer coefficient in the

microchannel-i (i 1, 2 , 3), 1/s
m ¼ partition coefficient of solute between aqueous and organic

phases
q ¼ volume flux ratio of organic phase to aqueous phase

Qaq ¼ aqueous phase volume flow rate, m3/s

Qg ¼ gas volume flow rate, m3/s
Qor ¼ organic phase volume flow rate, m3/s
Re ¼ Reynolds number of fluid

ReM ¼ mixture Reynolds number of the immiscible liquid–liquid two
phases

Reg ¼ Reynolds number of gas phase
t ¼ superficial residence time in microchannel, s

Uaq ¼ aqueous phase superficial velocity, m/s
UM ¼ total liquid phase superficial velocity, m/s
Uor ¼ organic phase superficial velocity, m/s
Ug ¼ gas superficial velocity, m/s
V ¼ volume of microchannel, m3

Greek letters

a ¼ function coefficient of mixture Reynolds number of the
immiscible liquid–liquid two phases

b ¼ function coefficient of gas agitation
l ¼ viscosity, Pa�s
q ¼ mass density, kg/m3

u ¼ volume fraction

Subscripts

aq ¼ aqueous phase
g ¼ gas phase
M ¼ mixture of the immiscible liquid–liquid two phases
or ¼ organic phase
1 ¼ microchannel-1
2 ¼ microchannel-2
3 ¼ microchannel-3
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