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High-throughput microporous tube-in-tube microchannel reactor (MTMCR) was first
designed and developed as a novel gas–liquid contactor. Experimentally measured kLa
in MTMCR is at least one or two orders of magnitude higher than those in the conven-
tional gas–liquid contactors. A high throughput of 500 L/h for gas and 43.31 L/h for
liquid is over 60 times higher than that of T-type microchannel. An increase of the gas
or liquid flow rate, as well as a reduction of the micropore size and annular channel
width of MTMCR, could greatly intensify the gas–liquid mass transfer. The interfacial
area, a, in MTMCR was measured to be as high as 2.2 � 105 m2/m3, which is much
higher than those of microchannels (3400–9000 m2/m3) and traditional contactors
(50–2050 m2/m3). The artificial neural network model was proposed for predicting a,
revealing only an average absolute relative error of \5%. VVC 2010 American Institute of

Chemical Engineers AIChE J, 57: 239–249, 2011

Keywords: microporous tube-in-tube microchannel reactor, gas–liquid mass transfer,
high interfacial area, high throughput, modeling

Introduction

Gas–liquid contacting is involved in many industrially rel-
evant operations. Among them, gas absorption attracts the most
attentions because it is widely applied in the environmental
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protection fields, such as the removal of greenhouse gas CO2

and hazardous gases of SO2 and H2S.
1–4 The conventional

gas–liquid contactors used in these processes, including
packed tower, spray column, and bubble column, have sig-
nificant limitations in mass transfer, leading to low efficiency
and high cost. Recently, more and more novel reactors with
better mass transfer characteristics have been proposed, such
as rotating packed bed, external loop gas-lift reactors, spray-
tower-loop absorbers, monoliths, and reticulated solid foam
packing beds.5–10

Microtechnology is an emerging scientific area with great
potential application in many industrial processes. The char-
acteristic dimension of micron scale, the extremely large sur-
face-to-volume ratio, and the short transport path in microchan-
nels enhance heat and mass transfer dramatically and hence
provide many potential opportunities in chemical process de-
velopment and intensification.11 Therefore, in the last 10 years,
it has seen the development of microstructured devices for
chemical processing such as gas–solid catalytic reactions,12–14

gas–liquid, and liquid–liquid processes.15–18 The advantages of
them have been demonstrated most impressively.

When gas–liquid processes are performed in microchan-
nels, gas–liquid interfacial areas are expected to be very
large, e.g., up to about 20,000 m2/m3, which exceeded those
of laboratory bubble columns and other conventional indus-
trial gas–liquid contactors by at least one or two orders of
magnitude, thus gas–liquid mass transfer rates are greatly
increased, which can benefit such applications as gas absorp-
tion, gas–liquid catalytic hydrogenation, and direct fluorina-
tion.16,18 However, the maximum throughputs of most
reported microreactors, usually at lL or mL/min scale for
liquid and at mL/min scale for gas, are much smaller than
those of conventional reactors owing to their specific struc-
tures, which is hard to meet the demand of industrial appli-
cations for high throughput. To obtain a high throughput, a
so-called numbering-up method for scale-up of microreactor
is mentioned very often.15,18,19 However, it should be noted
that this concept has been, until now, insufficiently imple-
mented from a technical point of view.11 The most important
challenge is how to ensure flow equidistribution with mini-
mal pressure loss in each microchannel.11,20 Another reason
is the high expenditure of fabrication involving numbering-
up. Therefore, it is significant and desired that a high-
throughput microstructured gas–liquid contactor is developed
by the improvement of a microreactor itself to achieve high
gas–liquid mass transfer efficiency.

In this study, a high-throughput microporous tube-in-tube
microchannel reactor (MTMCR) is first designed and fabri-
cated as a novel gas–liquid contactor. In the reactor, two
tubes, an outer tube and an inner tube, are configured
coaxially to form an annular microchannel, and micropores
in the annular wall of one end of the inner tube are used as
the dispersion media. The reactor can be regarded as a com-
bination of many T-type microreactors configured in parallel
circumferentially. The gas flowing outward radially through
the annular micropores is dispersed into annular gas streams
(gas bubbles) and then impinges crosscurrently at high speed
with the axial flow of the liquid in the chamber between the
inner and outer tubes, thereby it will exhibit enhanced gas–
liquid mass transfer efficiency and large throughput capacity.
In MTMCR, CO2 absorption processes as model gas–liquid

contact systems are performed experimentally in water,
NaHCO3/Na2CO3 buffer solution, and NaOH solution,
respectively. Gas–liquid mass transfer characteristics in
MTMCR including the interfacial area and the liquid-side
volumetric mass transfer coefficient are evaluated. The influ-
ence of operational conditions is discussed as well. A com-
parison of mass transfer performance among different gas–
liquid contactors is conducted to exhibit the superiority of
MTMCR. In addition, the correlations for predicting the
interfacial area are proposed.

On the other hand, extensive modeling works on CO2

adsorption are reported in the literatures.5,21,22 For example,
Guo et al.23 developed a model describing three types of
mass transfer process in a crossflow RPB. Chen et al.24 pro-
posed a model for ozonation process in RPB to achieve
some empirical correlations. The empirical correlations were
proposed to predict mass transfer characters of microchannel
reactors.8,15 However, it seems very difficult to adopt the
currently available correlation on the interfacial area in gas–
liquid flow in MTMCR owing to its complex microporous
structures from special manufacture mode, and a new model-
ing approach of MTMCR needs to be developed.

Artificial neural networks (ANNs) are usually used to
model complex nonlinear systems25,26–31 and appeared to be
a good alternative to traditional empirical, phenomenologi-
cal, or statistical correlations.25,28,29,32 The ANNs are more
powerful and can manipulate nonlinear input/output relation-
ships more successfully than available literature conventional
correlations.33 Recently, the ANNs have also been success-
fully used in different industrial applications to describe,
control, or model complex chemical processes.25,28,34–39 For
example, Iliuta et al.28 used neural networks to correlate ~a
and kLa in trickle-bed reactors over wide ranges of industrial
operating conditions. Nevertheless, to the best of our knowl-
edge, the use of ANNs for the correlation of gas–liquid mass
transfer in microchannel reactor, especially MTMCR, is
reported for the first time in this article. The comparison
between the model and experimental data indicates that neu-
ral network approach is powerful in predicting interfacial
area in MTMCR by training a suitable neural network.

Experimental Section

Experimental apparatus and materials

The schematic diagram of the structure and principle of
MTMCR is shown in Figure 1. It can be seen that MTMCR
consists of same axle dual tubes. A lot of micropores are
distributed around the wall near the entrance end of the inner
tube. Figures 2a, b illustrate the photographs of MTMCR
and micropores section. The microporous section of
MTMCR is composed of several layers of metal meshes.
Each mesh was weaved with stainless steel wires of a certain
diameter. These meshes were assembled layer by layer with
the mesh of larger wire diameter on the surface as a protec-
tion layer, followed by precalcination, rolling, and calcina-
tion at 1280�C for 3 h to obtain the microporous materials.
The microporous materials were then rounded and welded to
form the annular microporous section of the reactor. Figures
2c, d give SEM images of the front and cross sections of
metal meshes, displaying the very complicated microstructure.
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In this study, the inner tubes with the pore mean size of 10,
40, 80, 100, and 200 lm are applied, respectively. The
widths of mixing chamber between inner tube and outer tube
are 250, 500, 750, and 1000 lm, respectively. In addition,
the lengths of micropore section and mixing chamber are
17.0 and 156.0 mm, respectively.

Analytical reagent grade sodium hydroxide, hydrochloric
acid, sodium carbonate, and sodium bicarbonate were pur-
chased from Beijing Reagent Factory of China. Deionized
water was obtained from a water purification system (RO-DI
plus, Hitech, PRC). The CO2 with a purity of 99.5% was
bought from Beijing Ruyuanruquan Technology.

The measurement of pressure drop DP

A schematic diagram of the test facility for the experiment
is presented in Figure 3. The pressure drop DP was meas-
ured in a H2O–CO2 system with a U-type manometer filled
with carbon tetrachloride. The U-type manometer was con-
nected just before and after MTMCR. When gas and liquid
flowed steadily in MTMCR, the values of DP were measured
at different superficial gas and liquid velocities.

The process of absorption experiments

The CO2 absorption experiment with a physical process as
an example was performed as followed. Before the experi-

ment, the gas was first fed to the whole system to avoid de-
sorption of CO2 from the absorption solution. Pure CO2

from a gas cylinder as the dispersed phase was conveyed by
a pressure regulator to the inner tube. Simultaneously, boiled
deionized water as the continuous phase was drawn from a
liquid tank with a pump. After the high-speed cross-currently
impinging with liquid and gas in MTMCR, two-phase mix-
ture flowed downward into a sealed phase separator through
a connection tube. Liquid sample for analysis was collected
into an excess of NaOH solution at sampling locations 1 and
2, respectively, which were set between MTMCR and the
separator, as shown in Figure 3. In addition, the temperatures
of gas, liquid, and absorption solution were measured.

The amount of physically absorbed CO2 was determined
by the standard technique of titrating liquid samples with
HCl solution. Phenolphthalein and methyl orange were
selected as the indicators for the first and second endpoints,
respectively. As a blank titration, a similar analysis was also

Figure 2. Microporous tube-in-tube microreactor.

(a) The photo of MTMCR, (b) microporous section; SEM
images of the front (c) and cross (d) sections of sintering
metal wire mesh. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

Figure 1. Schematic diagram of microporous tube-in-
tube microreactor.

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

Figure 3. Experimental setup: 1. CO2 cylinder, 2. pressure regulator, 3. gas flow counter, 4. MTMCR, 5. liquid flow
counter, 6. pump, 7. liquid tank, 8. phase separator.
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done for the inlet water. The difference provides the amount
of CO2 physically absorbed.

For the chemical absorption process, boiled deionized
water was replaced with a buffer solution of 0.3 M
NaHCO3/0.3 M Na2CO3 or a 1 M NaOH solution. In con-
trast to physical absorption process, two-phase mixture from
the outlet was directly collected by an empty beaker flask
without NaOH solution, because there was no risk of CO2

escape from the alkaline solution into the air. However, the
beaker flask should be sealed before the sample was analyzed.

The amount of chemically absorbed CO2 was calculated
from concentration changes in the outgoing solution, which
was monitored by titrating liquid samples from the outlet
with HCl solution of different concentrations.

The prediction of interfacial area by ANNs model

As an important evaluation parameter for gas–liquid mass
transfer, the interfacial area in microchannel is usually
expected to be predicted by a reliable and accurate mathe-
matical model. However, the specially complicated micro-
pore structure of MTMCR (Figure 2) would lead to a unique
gas–liquid contact behavior and also bring the difficulty to
correlate the interfacial area by the conventional model.
Interestingly, ANNs have the capability of capturing these
dynamics and approximating the behavior of MTMCR under
different operating conditions. Therefore, ANNs were here
introduced as correlation function for predicting a in this
study.

ANNs consist of an input, an output, and one or more hid-
den layers. Input data supplied to the nodes at the input layer
of the ANN and transferred forward through the network to
the nodes at the output layer of the ANN. The nodes per-
form nonlinear input–output transformation by means of a
tangent function. Then, the output of the network is com-
pared with the given data, and the weigh and bias are
changed to minimize the error between the output values
and the data given. Crossvalidation is a technique that can
be used to address this problem by iteratively partitioning

the sample into two sets of data. One is used for building
the model, and the other is used to test it.40

In this study, it could be found that the interfacial area
values were mainly influenced by several variables, such as
micropore size, hydraulic diameter of microannulus, superfi-
cial gas and liquid velocities, and liquid and gas densities. A
dimensional analysis was performed using these variables,
and two dimensionless groups were obtained: ReG and ReL.

ReG ¼ dhqGuG
lG

(1)

ReL ¼ DhqLuL
lL

; (2)

where dh is microporous size, Dh is hydraulic diameter of
microannulus and can be expressed as follows:

Dh ¼
4� p� ½ðDouter

2
Þ2 � ðDinner

2
Þ2�

pðDouter þ DinnerÞ ¼ Douter � Dinner: (3)

ReG and ReL are served as the input parameters, and a is
served as the output parameter to build the neural networks
model. The experimental data obtained in NaOH–CO2

absorption process are split into two subsets. 60% of data
are used for training the network, whereas the remaining
40% of data are used for testing the network. Furthermore,
to evaluate the accuracy of this model, average absolute rela-
tive error (AARE) is used as the evaluation criteria. The def-
inition of formula is as follows:

AARE ¼ 1

N

XN
1

acal � aexp
�� ��

aexp
: (4)

It should be noted that two phenomena were taken into
consideration during the construction and validation of the
BPNNs. The first phenomena is overtraining, mainly attrib-
uted to a large number of iterations, which generally leads to
an excellent prediction of the training data set, while predict-
ing poorly the untrained values. The second phenomenon is
undertraining, which interpolates the untaught values rela-
tively well, while predicting poorly the training data set.41

Results and Discussion

Pressure drop DP

Figure 4 exhibits the evolution of DP with superficial gas
velocity uG and superficial liquid velocity uL, respectively. It
could be clearly seen that DP increased linearly with increas-
ing uG at the same uL. The slopes of these three lines obvi-
ously increased with uL varying from 0.11 to 0.50 m/s. In
addition, the change of uL has a greater effect on DP than
that of uG, mainly ascribed to CO2 absorption in water
belonging to a liquid film-controlled process.

Physical absorption experiments

For physical absorption of CO2 into water, mass transfer
is characterized by a mean liquid volumetric mass transfer
coefficient, defined according to the following equation:

Figure 4. Pressure drop with superficial gas and liquid
velocities over MTMCR.

(0.1 MPa, 20�C, Rh ¼ 500 lm, dh ¼ 10 lm). [Color figure
can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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kLa ¼ QL

Vmc

ln
C� � CCO2;0

C� � CCO2;1

� �
: (5)

where Vmc is the volume of mixing chamber in MTMCR and
can be represented as follows

Vmc ¼ pðr2outer � r2innerÞL: (6)

In our experiments, two sampling locations were posi-
tioned after the outlet of MTMCR. As sampling locations 1
and 2 had the same two-phase flow patterns, it could be
assumed that the two sampling locations had the same liquid
volumetric mass transfer coefficient. That is to say,

kLaout;1 ¼ QL

V1

ln
C� � CCO2;1

C� � CCO2;2

� �
(7)

kLaout;2 ¼ QL

V2

ln
C� � CCO2;2

C� � CCO2;3

� �
(8)

kLaout;1 ¼ kLaout;2: (9)

If further, V1 ¼ V2,

ln
C� � CCO2;1

C� � CCO2;2

� �
¼ ln

C� � CCO2;2

C� � CCO2;3

� �
: (10)

Thereby, CCO2,1
at the outlet of MTMCR can be accu-

rately obtained and kLa can be derived by Eq. 5.
Figure 5 plots the measured kLa in MTMCR as a function

of uL and uG in CO2–H2O physical absorption system. It can
be clearly seen that kLa is significantly increased with the
increase of uL at a fixed uG. This is mainly ascribed to the
fact that increasing uL would be beneficial to the formation
of thinning liquid boundary layer and the corresponding
reduction of mass transfer resistance, thereby leading to the
increase of kL. An increase of measured kLa was also

observed when there was an increase in the uG for a constant
uL. This could be explained by the increase of gas holdup
and turbulence of the system.

Liquid side volumetric mass transfer coefficient

For the chemical absorption process, the reaction is said
to take place as:7

CO2 þ CO2�
3 þ H2O ! 2HCO�

3 : (11)

According to the experimental results of Roberts and
Danckwerts,55 the apparent first-order rate constant for this
reaction, k1,app ¼ 0.86s�1. It can be anticipated that when
CO2 is absorbed into the buffer solution in the microchannel
contactors under the same ranges of uL and uG as those for
physical absorption experiments, the following inequality
should be fulfilled,

kLa � ð1� aÞk1;app: (12)

It means that in the present microchannel contactor, the
reaction rate is much slower than the mass transfer rate of
CO2 into the solution, that is to say, the absorption process
can be treated as a physical one and CO2 absorbed remains
unreacted in the bulk liquid. Under this condition, the spe-
cific rate of absorption can be given by

Rmc ¼ kLðC� � CCO2
Þ: (13)

By building a mass balance for dissolved CO2 in the bulk
liquid over an elementary volume and assuming that kLa is
constant, kLa can be derived as the same as the physical
absorption process.

As the same as the physical absorption, there was still
gas–liquid contacting in the connection tubes. However, liq-
uid side volumetric mass transfer coefficient here is thought
to be very low under the present experimental conditions,
and the following inequalities are satisfied.42–44

ðkLaÞout � ð1� aÞk1;app (14)

k2L;out � DCO2
k1;app: (15)

In this case, the rate of reaction in the diffusion film is
negligible, and the concentration of CO2 in the bulk liquid
nears zero. Then, the absorption rate of CO2 in the outlet
region is45

Rout ¼ kL;outC
�: (16)

Therefore, a mass balance for CCO2�
3

over an elementary
volume of the outlet region can be written as

� QLdCCO2�
3

¼ ðkLaÞoutC�dVout: (17)

By integrating the above equation, we can derive the aver-
age liquid side volumetric mass transfer coefficient in the
outlet region as

Figure 5. Effect of superficial gas and liquid velocities
on liquid side volumetric mass transfer coef-
ficient in MTMCR measured by physical
absorption method.

(0.1 MPa, 25�C, Rh ¼ 500 lm, dh ¼ 10 lm). [Color figure
can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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ðkLaÞout ¼
QLðCCO2�

3 ;0 � CCO2;1 � CCO2�
3 ;2Þ

C�Vout

: (18)

Also, in the tube between sampling locations 1 and 2,
(kLa)out can be expressed as

ðkLaÞout ¼
QLðCCO2�

3 ;2 � CCO2�
3 ;3Þ

C�Vout

: (19)

We could have

CCO2;1 ¼ CCO2�
3 ;0 � 2CCO2�

3 ;2 þ CCO2�
3 ;3: (20)

From all the above equations, kLa in MTMCR can be cal-
culated as

kLa ¼ QL

Vmc

ln
C� � CCO2;0

C� � CCO2�
3 ;0 þ 2CCO2�

3 ;2 � CCO2�
3�;3

 !
: (21)

Figure 6 shows the variation of the measured kLa in
MTMCR with uL and uG in the NaHCO3/Na2CO3 buffer so-
lution. Clearly, increasing uL or uG systematically increases
kLa at a fixed uG or uL, which is the same as the change
trend in Figure 5. However, the obtained kLa value by the
present chemical method is generally lower than that meas-
ured by physical absorption method at the same uL or uG.
The possible reason is considered to be a lower diffusivity
of CO2 in the buffer solution than that in water.

Interfacial area in MTMCR measured by chemical
absorption method

The chemical method based on the absorption of CO2 into
a 1 M NaOH solution15 was applied to determine the interfa-

cial area in MTMCR. The occurring reaction can be
expressed as

CO2 þ OH� ! HCO�
3 (22)

HCO�
3 þ OH� ! CO2�

3 þ H2O: (23)

As the second reaction is ionic, it takes place at a much
faster rate than the first one; therefore, the first reaction step
is rate controlling. A general correlation of the second-order
rate constant for reaction,20 kOH�, was suggested46:

lg kOH� ¼ lg k0OH� þ 0:20I � 0:0182I2 (24)

lg k0OH� ¼ 13:635� 2895=T: (25)

If the concentration of OH� remains essentially constant
in the bulk of the solution, the equation becomes pseudo-first
order. The condition to be satisfied for this is given by the
following conditions as suggested by Danckwerts47:

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DCO2

kOH�COH�

k2L

s
� 1þ COH�

2C� : (26)

That is, CO2 is entirely consumed in the diffusion film
and the interfacial concentration of OH� is practically the
same as that in the bulk liquid phase. Recently, Zanfir
et al.21 have tested this absorption process in a falling film
microreactor containing 64 microchannel of 300 lm � 100 lm
and found that CO2 was completely reacted within a
very short distance from the gas–liquid interface and the
concentration of OH� did not decrease to zero near the inter-
face, indicating that the limiting step for this reaction occur-
ring in their microreactor is still CO2 mass transfer in the
liquid phase.

It has been shown by Sharma and Danckwerts48 that the
specific rate of absorption per unit area for a second-order
reaction satisfying the condition of Eq. 26 is as follows:

R ¼ C�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DCO2

kOH�COH� þ k2L

q
(27)

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DCO2

kOH�COH�

k2L

s
> 3: (28)

The second term within the square root of Eq. 27 becomes
small compared with the first term; therefore, the specific
rate is given by the simplified equation:

R ¼ C� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DCO2

kOH�COH�
p

: (29)

Therefore, the interfacial area in MTMCR is derived as

a ¼ QLð
ffiffiffiffiffiffiffiffiffiffiffiffiffi
COH�;0

p � ffiffiffiffiffiffiffiffiffiffiffiffiffi
COH�;1

p Þ
C�Vmc

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DCO2

kOH�
p : (30)

As to the mass transfer contributions in the outlet region, it
is thought that reaction (22) can be considered as instantaneous

Figure 6. Effect of superficial gas and liquid velocities
on liquid side volumetric mass transfer coef-
ficient in MTMCR measured by chemical
absorption method.

(0.1 MPa, 25�C, Rh ¼ 500 lm, dh ¼ 10 lm). [Color figure
can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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because of much lower liquid side mass transfer coefficient
there.49,50 In other words, the following criterion is fulfilled46:

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DCO2

kOH�COH�

k2L;out

s
�

ffiffiffiffiffiffiffiffiffiffiffi
DCO2

DOH�

r
þ COH�

2C�

ffiffiffiffiffiffiffiffiffiffiffi
DOH�

DCO2

s
: (31)

Under the present experimental conditions, the following
inequality exists

COH�DOH�

2C�DCO2

� 1: (32)

In this case, the specific rate of absorption is as follows:

Rout ¼ kL;outCOH�

2

ffiffiffiffiffiffiffiffiffiffiffi
DOH�

DCO2

s
: (33)

Therefore, we can deduce the average liquid side volumet-
ric mass transfer coefficient in the outlet region as

ðkLaÞout ¼
QL

Vout

ffiffiffiffiffiffiffiffiffiffiffi
DOH�

DCO2

s
ln

CCO2;1

CCO2;2

� �
: (34)

We can also get

ðkLaÞout ¼
QL

Vout

ffiffiffiffiffiffiffiffiffiffiffi
DOH�

DCO2

s
ln

CCO2;2

CCO2;3

� �
: (35)

From the above two equations, it is obtained that

COH�;1 ¼
C2
OH�;2

COH�;3
: (36)

The interfacial area in MTMCR can be measured as

a ¼ QL

C�Vmc

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DCO2

kOH�
p ffiffiffiffiffiffiffiffiffiffiffiffiffi

COH�;0
p �

ffiffiffiffiffiffiffiffiffiffiffiffiffi
C2
OH�;2

COH�;3

s0
@

1
A: (37)

The effects of uL and uG on the measured interfacial area a
in MTMCR by CO2 absorption into NaOH system are pre-
sented in Figure 7. For the different three uL, the interfacial
area increases with an increase of uG. However, the enhance-
ment trend of a becomes markedly large with slightly increas-
ing uL. Furthermore, as uL increases from 0.11 to 0.50 m/s, a
almost increases by at least onefold throughout the whole uG
range, indicating that the gas–liquid mass transfer process con-
trolled by liquid film becomes significantly enhanced, as the
aforementioned discussed. In particular, the achieved maximum
interfacial area of MTMCR can reach as high as 2.2 �
105 m2/m3, which is over 10 times as much as those of com-
monly used microchannel reactors.10 Such a superhigh interfa-
cial area can be attributed to the complex microporous structures
from the special manufacture way, which creates the unique
gas–liquid contacting mode and distribution. Also, it leads to the
high kLa and excellent gas–liquid mass transfer performance.

Besides uL and uG, the structural sizes of MTMCR, the
micropore size and the annular channel width, have also im-
portant effect on the interfacial area. Figure 8 displays the
effect of the micropore size on the interfacial area. The
interfacial area was substantially influenced by the micropore
size. As the pore size is increased from 10 to 200 lm, the
interfacial area is sharply decreased from 8.9 � 104 to 4.5 �
104 m2/m3. This is because the bubble size of gas phase as
dispersed phase is mainly determined by the micropore size.
The smaller is the micropore size, the smaller and the more
are the formed gas bubbles. Accordingly, the higher interfa-
cial area is generated.

Figure 9 exhibits the change of the interfacial area with
different annular channel widths, another important structure
size of MTMCR. It is found that the interfacial area is inver-
sely proportional to the annular channel width. Obviously,

Figure 7. Effect of superficial gas and liquid velocities
on interfacial area in MTMCR measured by
chemical absorption method.

(0.1 MPa, 25�C, Rh ¼ 500 lm, dh ¼ 10 lm). [Color figure
can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

Figure 8. Effect of the micropore size on interfacial
area in MTMCR measured by chemical
absorption method.

(0.1 MPa, 25�C, Rh ¼ 250 lm, uL ¼ 0.30 m/s, uG ¼ 4.64 m/s).
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decreasing the annular channel width from 1000 to 250 lm
systematically increases the interfacial area from 4.6 � 104

to 7.2 � 104 m2/m3. This is possibly owing to the decreased
thickness of liquid film, the increased uL and uG at the same
throughput, as well as the subsequent intensification of gas–
liquid mass transfer process.

Predictions of a values using ANNs

All the experimental a data points collected were used to
build and validate the ANNs correlations. In the model, the
training error and AARE were minimized. The neural net-
works structure was selected based on testing different net-
works that vary in terms of structure and simulation parame-
ters. The criterion for network structure selection is based on
its simplicity, performance, and accuracy of model predic-
tion. The finally selected network was found for a network
topology of 2-3-5-1. The structure of the feed forward neural

networks for the model is given in Figure 10. The transfer
function, which was both used in hidden and output layers,
was a log-sigmoid of the form:

FðxÞ ¼ 1

1þ e�x
: (38)

Levenberg–Marquardt algorithm has been used for training
the constructed network for predicting interfacial area in
MTMCR.

Figure 11 illustrates the progress of training session. As
shown in the figure, the training error sensibly decreased
with the number of epochs. Furthermore, the weights and
bias of trained networks are given in Table 2, and the pre-
diction of a using ANNs is shown in Figure 12. Obviously,
there was nonlinear relation among ReL, ReG, and a. Some
partial fluctuations were observed, probably attributed to the

Figure 11. Progress of training.

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

Figure 10. Schematic diagram of the feed forward neu-
ral network.

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

Figure 9. Effect of the annular channel width on inter-
facial area in MTMCR measured by chemical
absorption method.

(0.1 MPa, 25�C, dh ¼ 10 lm, uL ¼ 0.30 m/s, uG ¼ 4.64 m/s).

Figure 12. The prediction of a using ANNs.

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

246 DOI 10.1002/aic Published on behalf of the AIChE January 2011 Vol. 57, No. 1 AIChE Journal



effect of the complex microporous structures. A comparison
analysis was also performed between the experimental data
and the calculated data, and the results are given in Figure
13. It can be clearly seen that the results from the trained
network show a good agreement with the experimental data.
In addition, the AARE is calculated to be 4.67% by the fol-
lowing equation:

AARE ¼ 1

N

XN
1

acal � aexp
�� ��

aexp
¼ 4:67%: (39)

This result indicates that a in MTMCR can be well pre-
dicted by using neural networks with sufficient accuracy. It
could be envisioned that the neural network approach is
effective for predicting the interfacial area.

Comparison of liquid side volumetric mass transfer
coefficient and interfacial area in different
gas–liquid reactors

Table 1 gives a comparison of the liquid side volumetric
mass transfer coefficient kLa and the measured interfacial
area a of the MTMCR with those of other typical gas–liquid
contactors used in the laboratories and industries reported in
Refs. 10,21,44–47. The kLa and a for conventional batch or
semibatch reactors, for example, the packed column or
stirred reactor in Table 1, are usually in the range of 0.04–
102 or 3–40 and 10–1700 or 100–2000, which means rela-
tively low gas–liquid mass transfer performance. Further,
typical microchannel contactor provides a very low through-
put and not high a despite its excellent gas–liquid mass
transfer performance resulted from high kLa value of
30–2100. Therefore, from an industrial point of view, not
only are excellent gas–liquid mass transfer efficiency and
high a needed but also high throughput is very important.
MTMCR possesses excellent gas–liquid mass transfer per-
formance because of the high kLa from the highest a value
(2.2 � 105 m2/m3) compared with the results reported in the
publications, which is 20 times more than that of typical
microchannel contactor (400 lm deep, 500 lm wide). Also,
MTMCR has a high throughput of 500 L/h for gas and
43.31 L/h for liquid, which is almost 60 times than that of
T-type microchannel contactors. By comparison with other
typical reactors, the MTMCR has the capacity of accom-
plishing industrial-scale assignment as well as achieving
excellent gas–liquid mass transfer performance. Thus, it

could be envisioned that the MTMCR would exhibit great
potential for various industrial applications in future, espe-
cially for CO2 capture.

Conclusions

In this article, MTMCR was first designed and used as a
novel gas–liquid contactor. Gas–liquid mass transfer charac-
teristics in MTMCR were investigated by the absorption of
CO2 into water, NaHCO3/Na2CO3 buffer solution, and
NaOH solution. MTMCR has a high throughput of 500 L/h
for gas and 43.31 L/h for liquid under our experimental con-
ditions, which is 60 times higher than that of T-type micro-
channel contactors. It could be envisioned that MTMCR
would exhibit great potential for various industrial applica-
tion in future. Increasing the gas or liquid flow rate as well
as reducing the micropore size and annular channel width
can dramatically intensify gas–liquid mass transfer. The liq-
uid side volumetric mass transfer coefficient in MTMCR
slightly increases with the large increase of gas velocity,
while dramatically increases with the small increase of liquid

Table 1. Comparison of Mass Transfer Parameters in
Different Gas–Liquid Contactors

Type of Contactor kLa (s�1 � 102) a (m2/m3)

Gas–liquid microchannel contactor
(1000 lm deep, 500 lm wide)15

30–2100 3400–9000

Microporous tube-in-tube
microchannel reactor (this work)

100–1435 62,421–220,400

Bubble column48 0.5–24 50–600
Impinging jet absorbers49 2.5–122 90–2050
Stirred tank50 3–40 100–2000
Spray column50 1.5–2.2 75–170
Couette-Taylor flow reactor51 3–21 700–1200
Static mixers52 10–250 100–1000

Table 2. Weights and Biases of the 2-3-5-1 Dimensional
BPNN

Weights of First Hidden Layer 1 2

1 �0.32 5.1 � 10�3

2 0.92 3.4 � 10�3

3 3.37 0

Weights of Second Hidden Layer 1 2 3

1 �4.01 �3.16 �5.35
2 �10.85 �3.32 �2.14
3 �12.23 8.64 �7.85
4 0.55 �7.56 4.59
5 �5.36 �6.71 3.71

Bias of hidden layers 3.95 �7.82 �2.56
9.22 9.18 4.27 �1.91 �1.87

Output weights �6.18 �5.64 6.64 1.94 3.71
Bias of output neuron �3.46

Figure 13. Comparison of predicted and experimental
interfacial area values.
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velocity. The liquid side volumetric mass transfer coefficient
in MTMCR is at least one or two orders of magnitude higher
than those in conventional gas–liquid contactors and close to
that of typical microchannel reactor. The interfacial area in
MTMCR was measured to be as high as 2.2 � 105 m2/m3,
which is 20 times higher than that in microchannel reactor.
The results from a network topology of 2-3-5-1 show a good
agreement with the experimental data with a low average
relative error of less than 5%, indicating that the neural net-
work approach is effective in predicting interfacial area in
MTMCR and lays the foundation for the reactor design.
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Notation

a ¼ interfacial area, m2/m3

AARE ¼ average absolute relative error, dimensionless
CA ¼ molar concentration of component A in the liquid (A ¼ CO2,

HCl, OH�, HCO3
�, and CO3

2�), mol/m3

C* ¼ physical solubility of CO2 in the liquid, mol/m3

Dh ¼ hydraulic diameter of annular tube, m
dh ¼ hydraulic diameter of micropore, m

DCO2
¼ diffusivity of CO2 in the liquid, m2/s

DOH� ¼ effective diffusivity of hydroxyl ion in the liquid, m2/s
I ¼ contribution of an ion in the ionic strength of solution, mol/

m3

uG ¼ superficial gas velocity, m/s
uL ¼ superficial liquid velocity, m/s

k1,app ¼ pseudo-first-order rate constant, s�1

kL ¼ liquid side mass transfer coefficient, m/s
kLa ¼ liquid side volumetric mass transfer coefficient, s�1

kOH� ¼ rate constant for reaction between carbon dioxide and
hydroxyl ion, m3/(mol s)

L ¼ length of the microchannel, m
Q ¼ flow rate, m3/s
r ¼ diameter of the tube, m
R ¼ rate of absorption per unit interfacial area, mol/(m2 s)

ReG ¼ superficial gas Reynolds number defined by (¼dhuGqG/lG),
dimensionless

ReL ¼ superficial liquid Reynolds number defined by (¼DhuLqL/lL),
dimensionless

T ¼ temperature, K
V0 ¼ volume of sample solution, m3

V1 ¼ volume of HCl solution for the first endpoint, m3

V2 ¼ volume of HCl solution for the second endpoint, m3

Greek letters

a ¼ void fraction
l ¼ viscosity, Pa s
q ¼ density, kg/m3

Subscripts

0 ¼ inlet of MTMCR
1 ¼ outlet of MTMCR
2 ¼ sampling location 1 of MTMCR
3 ¼ sampling location 2 of MTMCR

cal ¼ the predict data from the model
exp ¼ the experimental data
G ¼ gas phase

inner ¼ the inner tube of MTMCR
L ¼ liquid phase

mc ¼ microchannel section of MTMCR
out ¼ the outlet region of MTMCR

outer ¼ the outer tube of MTMCR
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