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Abstract: Theoretical predictions of carbon dioxide absorption flux were analyzed by developing one-
dimensional mathematical modeling using the chemical absorption theory based on mass-transfer
resistances in series. The CO2 absorption into monoethanolamine (MEA) solutions was treated as
chemical absorption, accompanied by a large equilibrium constant. The experimental work of the CO2

absorption flux using MEA solution was conducted in double-unit flat-plate membrane contactors
with embedded 3D turbulence promoters under various absorbent flow rates, CO2 feed flow rates,
and inlet CO2 concentrations in the gas feed stream for both concurrent and countercurrent flow
operations. A more compact double-unit module with embedded 3D turbulence promoters could
increase the membrane stability to prevent flow-induced vibration and enhance the CO2 absorption
rate by overwhelming the concentration polarization on the membrane surfaces. The measured
absorption fluxes with a near pseudo-first-order reaction were in good agreement with the theoretical
predictions for the CO2 absorption efficiency in aqueous MEA solutions, which was shown to be
substantially larger than the physical absorption in water. By embedding 3D turbulence promoters in
the MEA feed channel, the new design accomplishes a considerable CO2 absorption flux compared
with an empty channel as well as the single unit module. This demonstrates the value and originality
of the present study regarding the technical feasibility. The absorption flux enhancement for the
double-unit module with embedded 3D turbulence promoters could provide a maximum relative
increase of up to 40% due to the diminution in the concentration polarization effect. The correlated
equation of the average Sherwood number was obtained numerically using the fourth Runge–Kutta
method in a generalized and simplified expression to calculate the mass transfer coefficient of the
CO2 absorption in the double-unit flat-plate membrane contactor with turbulence promoter channels.

Keywords: turbulence promoter; carbon dioxide absorption; Sherwood number; double-unit mem-
brane contactor; concentration polarization

1. Introduction

CO2 capture techniques [1] to remove CO2 from gas mixtures for industrial pro-
cesses have been widely studied over the past decade, including conventional contactors
with chemical absorbents. Membrane contactors involve the combined techniques of con-
ventional gas absorption and membrane separation, and they can effectively overcome
the problems associated with conventional contactors because of the presence of a mem-
brane [2]. Several technologies, namely absorption [3], adsorption [4], and membrane
processes [5], are the processes capable of CO2 absorption, for which the membrane contac-
tor is a promising technology with high absorption efficiency. The membrane contactor
offers the advantages of low energy consumption, a large and stable gas-liquid contact area,
continuous operations, high modularity, and flexibility scale-up [6]. The configuration of

Membranes 2022, 12, 370. https://doi.org/10.3390/membranes12040370 https://www.mdpi.com/journal/membranes

https://doi.org/10.3390/membranes12040370
https://doi.org/10.3390/membranes12040370
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/membranes
https://www.mdpi.com
https://orcid.org/0000-0001-6943-2563
https://orcid.org/0000-0003-0158-8822
https://doi.org/10.3390/membranes12040370
https://www.mdpi.com/journal/membranes
https://www.mdpi.com/article/10.3390/membranes12040370?type=check_update&version=3


Membranes 2022, 12, 370 2 of 24

the membrane contactor in which the hydrophobic porous membrane is employed acts as
a barrier separating CO2 gas feed and absorbent streams, and the gas/liquid interface is
formed at the membrane pore mouth in the gas feed stream because of the non-wetted hy-
drophobic porous membrane. Currently, chemical absorption by amine solution is the most
advanced technology for absorbing CO2 from gas mixtures, as confirmed by a previous
study [7], and alkanolamine-based CO2 absorption processes have been used commercially.
Faiz and Al-Marzouqi [8] developed a mathematical model for CO2 absorption using mo-
noethanolamine (MEA) as an absorbent from natural gas at high pressures, and successful
process intensifications for CO2 absorption processes have been investigated that employ se-
lective membrane materials [9]. Moreover, the membrane absorption efficiency dependent
on the distribution coefficient was determined with lower membrane wettability [10] and
the properties of absorbents [11]. CO2 is transported from the gas side across the boundary
layer and membrane to the absorbent side, and thus both chemical absorption and separa-
tion occur simultaneously according to the diffusion–reaction model [12,13]. Theoretical
studies of the dusty gas model [14], including Knudsen–molecular diffusion, were devel-
oped to comprehensively understand the mass transfer behavior of CO2 absorption [15]
using amines [16] and analyzing the CO2 absorption efficiency.

The concentration polarization effect [17] builds concentration gradients in the turbu-
lent boundary layer region adjacent to the membrane surface, which can cause a consider-
able reduction in the mass-transfer rate [18] and thus decrease the separation efficiency [19]
of most membrane separation processes, such as gas absorption [20], reverse osmosis [21],
extraction [22], and dialysis [23]. A depletion of CO2 and an accumulation of the perme-
ating CO2 occurred concurrently in the mass-transfer boundary layers adjacent to both
membrane surfaces. The accumulation of CO2 at the membrane surface contributed to
this, resulting in the reduction of the imposed driving force and, consequently, the ab-
sorption flux. An effective strategy was investigated to capture CO2 in turbulent flow
conditions [24] by embedding spiral wires into the flow channel [25] compared with con-
sidering a laminar flow velocity of the liquid profile [26]. The absorption efficiency in a
parallel-plate gas/liquid polytetrafluoroethylene (PTFE) membrane contactor was aug-
mented by inserting turbulence promoters [27]. The present work studied the overall mass
transfer resistance reduction and aimed to boost the turbulent intensity by embedding 3D
turbulence promoters, which resulted in a lessening of the mass transfer boundary layer to
accelerate CO2 transport in absorbent solutions. This implementation reduces the overall
separation efficiency and permeate flux [19] owing to the decrease in the available con-
centration driving force of the permeating CO2 across the membrane in the mass transfer
boundary layer. Various actions to minimize the concentration polarization to augment
a larger turbulence intensity were taken by implementing eddy promoters into the flow
channels, with numerous advantages [28], such as spacer filaments [29] and carbon-fiber
spacers [30], and thus a higher convective mass transfer coefficient was effectively achieved
by enhancing the turbulent intensity [31].

This study discusses the mathematical modeling of CO2 absorption in MEA solution
as an absorbent and the device performance improvement achieved by embedding 3D
turbulence promoters in double-unit flat-plate membrane contactors under both concurrent
flow and countercurrent flow operations. The one-dimensional steady-state modeling equa-
tion was successfully applied to predict the CO2 absorption flux under various operational
conditions associated with the reactions that occurred [15] using amines as absorbents [32].
The mechanisms of CO2 absorption in MEA solution were investigated in previous re-
search [33]. A theoretical model was developed to analyze the decrease in the concentration
polarization effect for gas/liquid membrane contactors with embedded 3D turbulence pro-
moters by creating eddies in the feed stream, which disrupt the boundary layer and yield a
higher CO2 absorption rate. The magnitude of the concentration polarization coefficient γm
plays an important role in examining the device performance in the CO2/MEA membrane
absorption module. A higher value of γm denotes a larger mass flux of CO2 transferring
from the gas side to the MEA feed stream, which was accomplished by diminishing the
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undesirable influence on the mass transfer rate due to the disruption of the concentration
boundary layer by embedding 3D turbulence promoters. An attempt to augment the
turbulence intensity by embedding 3D turbulence promoters into the flow channel was im-
plemented in the present study, and thus a higher device performance was achieved, which
was economical in terms of absorption efficiency. The concentration polarization coefficient
was calculated theoretically, and its relationship with other parameters was verified using
the theory developed in this study. The turbulence intensity augmented by embedding
3D turbulence promoters in the MEA feed stream was examined with the experimental
results. Thus, a modified Sherwood number, adapted in terms of a key dimensionless
quantity and named the mass-transfer enhancement factor, was incorporated and regressed
a correlated expression of the convective mass transfer coefficient using various parameters,
such as the geometric shapes of the turbulence promoters, flow patterns, flow types, inlet
concentrations, and MEA feed flow rates. The suitable selection of CO2 absorption flux
improvement and increased power consumption by considering the economic assessment
of the module designs and system operations is also discussed.

2. Experimental Apparatus

The fabrication scheme and the schematic detailed configuration of a double-unit flat-
plate membrane contactor module for CO2 absorption by MEA absorbent are illustrated in
Figures 1 and 2, respectively.
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porosity of 0.72, and a thickness of 130 µm (ADVANTEC) were used in the experimental 
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A photo of the operating experimental apparatus is shown in Figure 3, with acrylic
plates used as outside walls screwed tightly by two parallel stainless-steel plates. The
double-unit flat-plate membrane contactor module contains two flow channels with 3D
turbulence promoters embedded onto the MEA feed stream and another empty channel
for the CO2/N2 gas mixture. Two parallel-plate flow channels (L = 0.21 m, W = 0.29 m,
H = 1 mm) separated by a hydrophobic composite membrane made of PTFE/PP (polyte-
trafluoroethylene/polypropylene) as the permeating medium with a nominal pore size of
0.1, a porosity of 0.72, and a thickness of 130 µm (ADVANTEC) were used in the experi-
mental work. The membrane surface in the empty channel was wound with 0.2 mm nylon
fiber as a supporting material to prevent vibration.
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Figure 3. A photo of the experimental apparatus of the double-unit flat-plate membrane contactor.

Two geometric shapes (Circle and Square) were embedded into the MEA feed flow
channel with two array patterns for comparisons of the CO2 absorption rate using an amine
solution in the device performance, as shown in Figure 4. The aqueous MEA solution
passing through the channel with embedded 3D turbulence promoters was regulated by
a flow meter (MB15GH-4-1, Fong-Jei, New Taipei, Taiwan) as the liquid absorbent was
pumped from a reservoir. The experimental runs were carried out with 30 wt% MEA
(5.0× 103 mol/m3) for various MEA feed flow rates within the range of 5–10 cm3/s (5.0,
6.67, 8.33, and 10.0 cm3/s). A gas mixture containing CO2/N2 introduced from the gas
mixing tank (EW-06065-02, Cole Parmer Company, Vernon Hills, IL, USA) was regulated
using the mass flow controller (N12031501PC-540, Protec, Brooks Instrument, Hatfield, PA,
USA) at 5 cm3/s with three inlet CO2 concentrations of 30%, 35%, and 40%. The outlet CO2
concentrations were measured using gas chromatography (Model HY 3000 Chromatograph,
China Corporation) and recorded to calculate the CO2 absorption flux for comparisons
under various operating conditions.
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3. Mathematical Modeling

A mass transfer behavior analysis was conducted to describe the concentration gradi-
ent between the membrane surfaces due to the mass flux transfer from the CO2 gas side to
the MEA feed side. The balances of mass flux due to mass diffusion and chemical reaction
by the mass conservation were formulated simultaneously. The steady-state isothermal
diffusion–reaction process in the membrane contactor module causes the trans-membrane
mass flux of CO2 dominated by the concentration boundary layers on both bulk streams,
the properties of the membrane, and the operating conditions. The CO2 concentration on
the membrane–liquid interface was determined by the dimensionless Henry’s law constant:
HC = C2/C1 = 0.73 [33].

The mass balances of the gas/liquid membrane contactor were described on the
basis of the principle of isothermal processes, performing the mass balance of mass flux
conservation in each mass transfer region: (a) the CO2 feed stream; (b) the hydrophobic
composite membrane, and (c) the MEA feed stream. The mass flux balance equations
were derived for each mass transfer region under steady-state operation according to the
schematic diagram of the single unit (approximately one half) of the double-unit gas/liquid
membrane contactor module in Figure 5a, and was depicted in Equations (1)–(3) by the
concentration driving force gradient as follows:

Jg = ka(Ca − C1) (1)

J` = kb

(
K′exC2(`)

Hc
−

Cb(`)

Hc

)
(2)
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The mass transfer behavior in the membrane was investigated [34] according to
dusty gas model [8], and the mass flux of CO2 diffusing through the trans-membrane
was evaluated using the membrane permeation coefficient (cm) and the saturation partial
pressure differences (∆P) [35] as:

Jm = cm(P1 − P2)
1

Mw
= cm

dP
dC

∣∣∣∣
Cmean

(C1 − C2(g))
1

Mw
= cmRT(C1 −

K′exC2(`)

Hc
)

1
Mw

= Km(C1 −
K′exC2(`)

Hc
) (3)

in which Km is the overall mass transfer coefficient of the membrane, and the reduced
equilibrium constant at T = 298 K [36] and the membrane permeation coefficient [37] with
the tortuosity τ = 1/ε [38] were determined as:

K′ex = Kex[MEA]/[H+],Kex = [MEACOO−] [H+]/[CO 2][MEA] = 1.25× 10−5 (4)

cm =

(
1
cK

+
1

cM

)−1
=


[

1.064
ε rp

τδm

(
Mw

RTm

)1/2
]−1

+

[
1
|Ym|ln

Dmε

δmτ

Mw

RTm

]−1

−1

(5)

Equating the amount of mass flux was performed by the conservation law in three
regions transferred through the gas feed side, the membrane pores, and the liquid feed
side for the modules with or without embedded 3D turbulence promoters, as shown in
Figure 5b.

Ji = Jg = Jm = J` i = promoter, empty (6)

The modeling equations of mass balances of the gas feed and liquid feed streams
were derived by making the mass flux diagram presented in a finite control element under
concurrent flow and countercurrent flow operations in Figure 6a,b, respectively, giving:

dCa

dz
=
−W
Qa

[
Km

(
C1 −

K′exC2(`)

Hc

)]
=
−W
Qa

[
Kmγm

(
Ca −

Cb(`)

Hc

)]
(7)

dCb
dz =

−kCO2 Cb(`)(WH)

Qb
+ W

Qb

[
Km

(
C1 −

K′exC2(`)
Hc

)]
=
−kCO2 Cb(`)(WH)

qb
+ W

qb

[
Kmγm

(
Ca −

Cb(`)
Hc

) ]
=
−kCO2 Cb(`)(WH)

qb
+ W

qb

[
Kmγm

(
Ca −

Cb(`)
Hc

) ]
, concurrent flow

(8a)
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dCb
dz =

kCO2 Cb(`)(WH)

Qb
− W

Qb

[
Km

(
C1 −

K′exC2(`)
Hc

)]
=

kCO2 Cb(`)(WH)

Qb
− W

Qb

[
Kmγm

(
Ca −

Cb(`)
Hc

) ]
, countercurrent flow

(8b)

in which z is the coordinate along with the flowing direction, and the concentration polar-
ization coefficient γm was derived and obtained by equating Equations (1) and (3) (Jm = Jg)
and Equations (2) and (3) (Jm = J`), respectively, as follows:

γm =

(
C1 −

K′exC2(`)
Hc

)
(

Ca −
Cb(`)

Hc

) =
kakb

kakb + kmka + kmkb
(9)
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Figure 6. The mass balance made within a finite fluid element. (a) Concurrent flow operations,
(b) countercurrent flow operations.

The fourth-order Runge–Kutta method is a good approximation that lumps four
sampled slopes to obtain the dependent variables with the minimum tradeoff between
accuracy and computational results. The accumulated roundoff error of the fourth-order
Runge–Kutta method may be reduced substantially by using the fourth-order Runge–Kutta
numerical scheme. The simultaneous ordinary equations of Equations (7) and (8a) for
concurrent flow operation and Equations (7) and (8b) for countercurrent flow operation)
in Figure 7a,b, respectively, were solved with the use of the estimated convective heat-
transfer coefficients and calculated iteratively in Figures 8 and 9 by marching the fourth-
order Runge–Kutta method numerically along the membrane absorption module, and the
CO2 absorption flux and absorption flux improvement were obtained accordingly. The
concentration distributions were predicted theoretically not only in the gas/liquid bulk
flows but also in the membrane surfaces of both gas/liquid feed streams under concurrent
and countercurrent flow operations, respectively. Comparisons were made between the
module with embedded 3D turbulence promoters and with empty channels. An iterative
procedure, as illustrated in Figure 8, was used to calculate the CO2 absorption flux Jtheo
for concurrent flow operation, whereas an additional guess of CO2 concentration at the
inlet of the MEA feed Cb,j=n needed to be specified for the countercurrent flow operation
calculation, as illustrated in Figure 9.
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The 3D turbulence promoters were embedded in the MEA feed stream instead of using
the module of the empty channel (without embedding turbulence promoters). The extent
of absorption flux increment is incorporated into an enhancement factor [31], which is the
ratio of the Sherwood number of the module with embedded 3D turbulence promoters
to that of the module using empty channels. The mass-transfer enhancement factor αS

depending on various geometric shapes, array patterns of 3D turbulence promoters, and
flow patterns was correlated to estimate the augmented mass-transfer coefficients in the
gas/liquid membrane contactors as follows:

ShP =
kbDh ,spriral

Db
= αPShlam (10)

The correlated equation [39] for the membrane contactor module using empty channels
under laminar flow is:

Shlam = 0.023 Re0.8Sc0.33 (11)

The Sherwood number of embedding 3D turbulence promoters into the flow channel
can be lumped into four dimensionless groups using Buckingham’s π theorem:

ShP = f

(
Dh,promoter

Dh,empty
, Re, Sc

)
(12)
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where Dh,promoter and Dh,empty are the equivalent diameters of modules with embedded 3D
turbulence promoters and empty channels, respectively.

The energy consumption increment due to the increased frictional loss caused by
embedding 3D turbulence promoters in the flow channel of the double-unit parallel-plate
membrane contactor module was determined using the Fanning friction factor fF for both
laminar and turbulent flows [40]:

Hi = Qa ρCO 2 `w f ,CO 2 + Qb ρMEA `w f ,MEA i = promoter, empty (13)

`w f ,j =
2 fF,jv2

j L

Dh,i
, j = CO2, MEA (14)
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Figure 8. Calculation flow chart for determining CO2 concentrations in gas and liquid phases under
concurrent flow operations.

The average velocity and equivalent hydraulic diameter of each flow channel were
calculated as follows:

νCO2 =
Qa

WH
, νMEA =

Qb
H(W −W1N1)

(15)
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Dh,empty =
4HW

2(H + W)
, Dh,promoter =

4H(W −W1N1)

2(W + H + D1N1)
(16)

The relative extents IH of the power consumption increment were illustrated by
calculating the percent increase in the device with embedded 3D turbulence promoters,
which was based on the device with an empty channel (wound with nylon fiber):

IH =
Hpromoter − Hempty

Hempty
× 100% (17)

where the subscripts promoter and empty represent the flow channels with and without
embedded 3D turbulence promoters, respectively.
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The energy consumption increment due to the increased frictional loss caused by em-
bedding 3D turbulence promoters in the flow channel of the double-unit parallel-plate 
membrane contactor module was determined using the Fanning friction factor Ff  for 
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Figure 9. Calculation flow chart for determining CO2 concentrations in gas and liquid phases under
countercurrent flow operations.
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4. Results and Discussions

The CO2 absorption flux for various MEA feed flow rates, inlet feed CO2 concentra-
tions, and turbulence promoter configurations were obtained using numerical Runge–Kutta
marching scheme with Equations (7) and (8a) and Equations (7) and (8b) for concurrent
and countercurrent flow operations, respectively, and hence, comparisons were made on
device performance for both empty and promoter modules, as indicated in Figure 10.
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(a) Concurrent flow operations, (b) countercurrent flow operations.

Good agreement of the theoretical predictions with those obtained from experimental
results was achieved. Two geometric shapes and two array patterns of the embedded 3D
turbulence promoters produce higher turbulence intensity, which results in a higher mass
transfer or higher absorption flux. The results showed the CO2 absorption flux for the
module with the embedded 3D turbulence promoter with geometric shapes of Circle and
Square in both concurrent and countercurrent flow operations. In general, the module
embedding the 3D turbulence promoter showed a more significant CO2 transporting
flux through the hydrophobic membrane in countercurrent flow operations than that in
concurrent flow operations because of a larger concentration driving-force gradient.

The absorption flux in the device with embedded 3D turbulence promoters was
presented graphically, as delineated in Figures 11–14, for Circle Type A, Circle Type B,
Square Type A, and Square Type B, respectively, with the geometric shape and flow pattern
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as parameters. The order of the theoretical performance of absorption flux for the device
embedding 3D turbulence promoters was as follows: Square Type B > Circle Type B >
Circle Type A > Square Type A. As expected, and as seen in Figures 11–14, increases
in both the MEA feed flow rate and the inlet feed CO2 concentration yielded higher
absorption fluxes.
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The accuracy deviation [41] of the experimental results from the theoretical predictions
was calculated using the following definition:

Er (%) =
1

Nexp

Nexp

∑
i=1

∣∣Jtheo,i − Jexp,i
∣∣

Jexp,i
× 100 (18)

where Nexp, Jexp,i and Jtheo,i are the number of experimental runs, theoretical predictions,
and experimental results of the absorption fluxes, respectively. The accuracy deviations
with two flow patterns were calculated; the agreement of experimental results deviated
from the theoretical predictions was good, within 3.0× 10−4 ≤ Er ≤ 1.9× 10−2.

The present work extends the previous study, except it embedded 3D turbulence
promoters instead of carbon-fiber spacers [25]. To perform additional membrane absorption
tests, the experiment runs were conducted on the channels of the membrane absorption
modules with 3D turbulence promoters to replace the carbon-fiber spacers, as shown in
Figure 15. The present study of 3D turbulence promoters and carbon-fiber spacers [25]
illustrates why the present design of embedding 3D turbulence promoters is preferred, as
shown in Figure 15 for both concurrent and countercurrent flow operations. The results
also showed a considerably larger chemical absorption in MEA solution compared with
our previous work [10] that used water as an absorbent. This is the value and originality of
the present study regarding the technical feasibility.
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The absorption flux improvement Ip was illustrated by calculating the percentage
increase in the device with embedded 3D turbulence promoters on the basis of the device
of the empty channel (wound with nylon fiber) as follows:

ICT
empty(%) =

JCT
empty − JCN

empty

JCN
empty

× 100 =

(
JCT
empty

JCN
empty

− 1

)
× 100 (19)

ICN
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)
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)
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where ICT
empty, ICN

P and ICT
P are the absorption flux improvement for countercurrent-flow

operations with empty channel and concurrent and countercurrent flow operations with
embedded 3D turbulence promoters, respectively. Meanwhile, the subscripts P and empty
denote the MEA flow channels with/without embedded 3D turbulence promoters, re-
spectively, and the superscripts CN and CT denote concurrent and countercurrent flow
operations, respectively. The percentage increase in absorption flux improvement Ip was
evaluated in the comparisons of the absorption flux in the module with the embedded 3D
turbulence promoter to that of the empty channel, as seen in Figure 16 for both the Circle
and Square turbulence promoters under two flow patterns, respectively. The theoretical
predictions show that an absorption flux improvement of up to 40% was obtained with
embedded Square turbulence promoters of Type B array patterns compared with that in
the empty channel device, as seen in Figure 16.
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Meanwhile, the CO2 absorption flux augmented by embedding 3D turbulence pro-
moters is more considerable in countercurrent-flow operations than that in concurrent-flow
operations. The Square turbulence promoter with Type B array patterns enhances the
absorption flux enhancement by approximately 15% compared to Type A array patterns,
whereas the Circle turbulence promoters of Type A shows a lower absorption flux enhance-
ment than that in Type B by approximately 5% under the same operating conditions. The
absorption flux improvement increases with inlet feed CO2 concentration but decreases
with MEA feed flow rate, as shown in Figure 16. Generally, embedding 3D turbulence
promoters into the flow channel shows a significant influence to increase the absorption
flux in the double-unit flat-plate gas/liquid membrane contactor module.

The concentration polarization coefficient γm is an indicator of the mass transfer
resistance, which was defined in Equation (9) and calculated by CO2 concentration dis-
tributions, as illustrated in Table 1, with various MEA feed flow rates and inlet feed CO2
concentration as parameters. The magnitude of the concentration polarization coefficient
γm was governed by the concentration boundary layer in both gas/liquid feed streams,
especially on the membrane surface in the MEA bulk flow. The theoretical predictions
of the concentration polarization coefficient γm show that the value of γm increased with
increases in the MEA feed flow rates but with decreases in inlet feed CO2 concentrations.
The smaller γm deviated from unity and the greater polarization effect dominated, which
was diminished by the higher MEA feed flow rate as well as the higher eddy promotion
produced by embedding 3D turbulence promoters into the flow channel. The absorption
flux improvement was enhanced by embedding the turbulence promoter; a positive influ-
ence on the shrinking concentration of polarization layers was observed, for which a higher
γm value and a higher absorption flux improvement are expected. In addition, a larger γm
value (a lesser mass transfer resistance) was achieved in the countercurrent flow operation
than that in the concurrent flow operation. The mass transfer resistance dominating the
CO2 absorption flux decreased with an increase in the inlet feed CO2 concentration and the
MEA feed flow rate. The influence of concentration polarization coefficients γm on mass
transfer behavior was confirmed in both concurrent and countercurrent flow operations, as
shown in Table 1. Regarding the influences of the geometric shapes and configurations of
turbulence promoters on the absorption efficiency, the relative increments of the concen-
tration polarization coefficient γm with respect to the MEA feed flow rates and inlet feed
CO2 concentrations were more significant in the concurrent flow operations than those
in the countercurrent flow operations. Meanwhile, the Type A configuration and Circle
turbulence promoters show more effective increments of the concentration polarization co-
efficient γm than those from the modules with a Type B configuration and Square turbulence
promoters, respectively.

The further absorption flux enhancement Ep of CO2 absorption in membrane contac-
tors by embedding 3D turbulence promoters in the flow channel was calculated on the basis
of the device with the same working dimensions as that of the device under countercurrent
flow operations, as follows:

EP(%) =
JCT
P − JCT

empty

JCT
empty

× 100 =

[
(JCT

P − JCN
empty)− (JCT

empty − JCN
empty)

JCN
empty

](
JCN
empty

JCT
empty

)
× 100

=
(

ICT
P − ICT

empty

) ( JCN
empty

JCT
empty

)
× 100 =

(
ICT
P − ICT

empty

)
/
(

1 + ICT
empty

)
× 100 (22)

Further absorption flux enhancement was accomplished if there were various geo-
metric shapes of turbulence promoters embedded into the MEA feed stream under Type
A and Type B array patterns and flow patterns. Generally, the further absorption flux
enhancement of the module with an embedded 3D turbulence promoter increased with an
increase in the inlet feed CO2 concentration but decreased with the MEA feed flow rate, as
indicated in Table 2.
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Table 1. Effects of shapes of turbulence promoters on concentration polarization coefficients γm.

Cin Qb×106(%)
(m3/s)

Concurrent Flow Operations Countercurrent Flow Operations

Type A Type B Type A Type B

Circle Square Circle Square Circle Square Circle Square

30

5.00 0.383 0.367 0.397 0.432 0.417 0.408 0.428 0.436

6.67 0.434 0.402 0.443 0.441 0.426 0.419 0.453 0.464

8.33 0.448 0.428 0.458 0.455 0.462 0.425 0.459 0.459

10.0 0.470 0.448 0.465 0.482 0.472 0.464 0.469 0.499

35

5.00 0.379 0.359 0.388 0.409 0.400 0.383 0.400 0.416

6.67 0.411 0.389 0.422 0.440 0.411 0.400 0.424 0.443

8.33 0.437 0.407 0.434 0.441 0.443 0.423 0.448 0.449

10.0 0.452 0.432 0.443 0.462 0.459 0.452 0.451 0.486

40

5.00 0.378 0.338 0.381 0.388 0.391 0.344 0.379 0.376

6.67 0.390 0.378 0.395 0.420 0.399 0.366 0.410 0.415

8.33 0.426 0.387 0.425 0.429 0.426 0.419 0.424 0.437

10.0 0.438 0.408 0.415 0.449 0.442 0.443 0.438 0.477

Table 2. Theoretical predictions of further absorption flux enhancement EP.

Cin Qb × 106(%)(
m3/s

)
Countercurrent Flow Operations

Empty
Channel

Circle Square

Type A Type B Type A Type B

ICT
empty(%) ICT

P (%) EP(%) ICT
P (%) EP(%) ICT

P (%) EP(%) ICT
P (%) EP(%)

30

5.00 3.29 21.88 18.00 23.62 19.68 20.44 16.41 34.93 30.63

6.67 1.54 20.11 18.29 23.14 21.27 18.46 16.66 31.13 29.14

8.33 0.40 19.68 19.20 22.59 22.10 16.77 16.30 28.40 27.89

10.0 1.27 17.52 15.31 19.02 16.29 15.89 14.44 24.28 22.72

35

5.00 4.35 24.58 19.39 25.42 20.19 23.06 17.93 35.83 29.66

6.67 3.50 22.92 18.76 24.09 19.89 20.97 16.88 31.64 27.19

8.33 3.30 21.35 17.47 22.95 19.02 20.12 16.28 28.72 24.61

10.0 3.58 21.06 16. 88 22.67 18.43 18.87 14.76 26.01 21.66

40

5.00 1.22 26.70 24.26 32.04 30.45 25.23 23.72 40.32 38.63

6.67 1.14 25.81 24.39 31.45 29.97 24.19 22.79 37.59 36.04

8.33 5.98 22.91 15.98 29.80 22.48 23.93 16.94 32.85 25.35

10.0 5.62 21.94 15.45 28.86 22.00 23.43 16.87 31.42 24.43

The mass transfer coefficients determined by the theoretical model and expressed in
terms of Sherwood number (the correlated Sherwood numbers) in comparison with the
experimental data in the device with embedded 3D turbulence promoters, was obtained by
Equation (12) and presented graphically in Figure 17 as follows:

αP =
ShP

Shlam
= 0.218 ln

(
Dh,promoter

Dh, empty

)−0.296

Re0.448 (23)

The normal equations for the least square parameters were set up to find the fitting
function in a linear model, for which the regression line was determined to be linear and
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hence easily solved. The correlated Sherwood numbers, as shown in Figure 17, indicate that
the mass transfer coefficient of the device with embedded Square turbulence promoters
in the Type B array pattern achieved a higher value than those of the devices with Square
Type A as well as with embedded Circle turbulence promoters. Embedding turbulence
promoters played an important role in the absorption flux improvement because of the
disruption of the concentration boundary layer with mass-transfer resistance reduction,
and thus the CO2 absorption flux was enhanced because a higher turbulence intensity was
induced. In other words, the non-smooth curvature geometric shape of Square turbulence
promoters embedded in flow channels created higher turbulence vortices and resulted in a
larger absorption flux.
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An economic viewpoint in making a suitable selection was examined for both desir-
able absorption flux improvement and undesirable power consumption increase due to
embedding turbulence promoters into the flow channel. Concerning the compensation
of the CO2 absorption flux improvement accompanied with the friction loss increase by
embedding turbulence promoters in the MEA feed channel, the effects of geometric shapes
of 3D turbulence promoters, configurations, inlet feed CO2 concentrations, flow patterns,
and MEA flow rates are shown in Figure 18, referring to the ratio of IP/IH . Figure 18
shows that the countercurrent flow operation obtained a higher CO2 absorption flux than
that of the concurrent flow operation under the same the friction loss increment, and thus
a relatively larger IP/IH value was achieved in the countercurrent flow operation with
respect to the economic consideration.

We also found that the helpfulness of embedding turbulence promoters with Type
B array pattern was higher than that of Type A array pattern under both flow oper-
ations. Meanwhile, the increase in the MEA feed flow rate yielded a lower ratio of
IP/IH and reached a steep decrease for the higher MEA feed flow rate, being larger than
8.33× 10−6 m3/s. The order of the ratio of IP/IH is expected to have the same trend of the
absorption fluxes, as follows: Square Type B > Circle Type B > Circle Type A > Square
Type A.
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5. Conclusions

Two geometric shapes of turbulence promoters were used for gas/liquid membrane
contactors and compared to an empty channel under two flow patterns in the present study.
The CO2 absorption flux in the MEA solution increased with an increase in both the MEA
feed flow rate and the inlet feed CO2 concentration. For empty channels, the CO2 absorption
flux had no obvious change with changes in the inlet feed CO2 concentration. Increasing
shear stress on the membrane surface due to embedding turbulence promoters could
effectively reduce the concentration polarization effect in the concentration boundary layer.
In Square Type B, compared with the empty-channel type, the absorption flux improvement
increased by approximately 37% and 40% for higher inlet feed CO2 concentration under
concurrent and countercurrent flow operations, respectively. Compared with the empty
channel type, the absorption flux enhancement of the Circle type was greater than that
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of the normal type by approximately 17–26% and 20–32% for various inlet feed CO2
concentrations for Type A and Type B, respectively. The comparisons of the absorption flux
enhancement with the embedding of various geometric shapes of 3D turbulence promoters
on the CO2 absorption in MEA absorbent of double-unit flat-plate membrane absorption
modules led to the following conclusions:

1. The absorption flux enhancement increases with an increase in the volumetric flow rate.
2. The higher the inlet saline temperature yields a higher absorption flux enhancement.
3. The absorption flux enhancement is obtained by embedding both Circle and Square

shapes of 3D turbulence promoters, and the improvement of the Type B configuration
is higher than that of Type the A configuration.

4. A more considerable absorption flux is accomplished in countercurrent flow oper-
ations than that in concurrent flow operations because of the larger concentration
gradient across both membrane surfaces.

5. A maximum of 40% absorption flux enhancement was found in the module with
embedding Square turbulence promoters of the Type B configuration compared with
that in the empty-channel module under the countercurrent-flow operation.

6. The economic viewpoint of IE/IP for absorption flux enhancement to power consump-
tion increment indicates that the energy utilization is more effective for the module
with embedding 3D turbulence promoters at the higher MEA flow rate.

7. The ratio of IE/IP for the Type B configuration is higher than that of the Type A configuration.

The new design in this study includes the advantageous effect of strengthening the
turbulence intensity as an alternative strategy [25] on the absorption flux in a double-
unit flat-plate membrane absorption module. The value of this membrane absorption
module is easier to implement the experimental apparatus with a lower fabricating cost.
The results demonstrated its technical and economic feasibility in terms of the ratio of
IE to IP by embedding turbulence promoters in the flowing channel. Overall, adding
the Square turbulence promoter to the gas/liquid membrane contactor module on the
CO2 absorption in MEA solution shows great potential to considerably diminish the
concentration polarization effect and enhance the absorption flux. Furthermore, a simplified
expression of the Sherwood number was obtained to correlate the mass transfer coefficient
of the gas/liquid membrane contactor module with embedded 3D turbulence promoters in
the flow channel.
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Abbreviations

C Concentration (mol m−3)
Cmean Mean value of C (mol m−3)
ck Membrane coefficient based on the Knudsen diffusion model (mol m−2Pa−1s−1)
cM Membrane coefficient based on the molecular diffusion model (mol m−2Pa−1s−1)
cm Membrane permeation coefficient (mol m−2Pa−1s−1)
Db Diffusion coefficient of CO2 in MEA (m2 s−1)
D1 Turbulence promoter thickness (m)
dh,i Equivalent hydraulic diameter of channel (m), i = promoterempty
EP Absorption flux enhancement
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Er Accuracy deviation of experimental results from the theoretical predictions
fF Fanning friction factor
HC Dimensionless Henry’s constant
H Channel height (m)
Hi Hydraulic dissipate energy (J kg−1), i = carbon, empty
IP Absorption flux enhancement
IH Power consumption relative index
J Absorption flux (mol m−2 s−1)
ka Mass transfer coefficient in the gas feed stream (m s−1)
kb Mass transfer coefficient in the liquid absorbent side (m s−1)
Kex Equilibrium constant
K′ex Reduced equilibrium constant
Km Overall mass transfer coefficient of membrane (m s−1)
`w f ,j Friction loss (J kg−1), j = CO2, MEA
L Channel length (m)
MW Molecular weight of water (kg mol−1)
Nexp Number of experimental measurements
N1 Number of 3D turbulence promoters in a row
P1 Saturation vapor pressure in the gas feed flow side (Pa)
P2 Saturation vapor pressure in the liquid absorbent flow side (Pa)
Qa Volumetric flow rate of the gas feed stream (m3 s−1)
Qb Volumetric flow rate of the MEA absorbent side (m3 s−1)
R Gas constant (8.314 J mol−1 K−1)
Re Reynolds number
Sc Schmidt number
ShP Enhanced dimensionless Sherwood number
Shlam Sherwood number for laminar flow
W Channel width (m)
|Ym|`n Natural log mean CO2 mole fraction in the membrane
z Axial coordinate along the flow direction (m)
Greek letters
αP Mass transfer enhancement factor
δm Thickness of membrane (µm)
ε Membrane porosity
ν Average velocity (m3 s−1)
ρi Density (kg m−3), i = CO2, MEA
γm Concentration polarization coefficients
Subscripts
1 Membrane surface on gas feed side
2(`) Liquid phase on membrane surface on MEA side
2 ( g) Gas phase on membrane surface on MEA side
a Gas feed flow channel
b Liquid absorbent flow channel
cal Calculated results
empty Channel without embedding turbulence promoters
exp Experimental results
g Gas feed side
in Inlet
` MEA feed side
out Outlet
p Double-unit device with embedded turbulence promoters
promoter Channel embedding turbulence promoters
theo Theoretical predictions
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