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Abstract 

In this study chemical absorption of CO2 from N2/CO2 gas mixture in tetramethylammonium 

glycinate ([N1111] [Gly]) solution using hollow-fiber membrane contactors by employing CFD
1
 

method was investigated. A two dimensional mathematical model was developed to describe 

diffusion in axial and radial directions of the HFMC
2
. Also, the model gives an account of 

convection in the tube and the shell sides with chemical reaction between CO2 and absorbent. 

Results of simulation showed good agreement with experimental data that reveals the validity of 

the model. CO2 absorption from gas mixture increases as the flow rate and the concentration of 

                                                 
1
 Computational fluid dynamics 

2
 Hollow-fiber membrane contactor 

Page 1 of 43 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



2 

 

the absorbent goes up. On the other hand, increment of gas flow rate decreases removal of CO2. 

The proposed model can predict CO2 capture from gas mixtures in HFMCs. 

 

Keywords: Membranes; Mathematical modeling; Mass transfer; CFD; Simulation; 

tetramethylammonium glycinate 

 

1. Introduction 

Throughout the recent years, development of industrial processes has increased the content 

of acid gases such as CO2, H2S and other sulphuric compounds in atmosphere. These compounds 

are released into atmosphere from burning of fossil fuels, natural gas, and industrial activities. 

Since carbon dioxide constitutes about 80% of greenhouse gases in atmosphere, CO2 capture is 

of great importance in this regard
1
. Also, different chemical industries always take into account 

H2S and CO2 removal from gas mixtures like natural gas since CO2 reduces efficiency of natural 

gas energy and H2S is categorized as a toxic and corrosive gas
2
. 

Due to necessity of CO2 capture in industries, different devices for this purpose are applied. 

Packed towers, spray towers, and bubble columns are typical examples of convectional industrial 

equipment for absorption of carbon dioxide, yet it is difficult to estimate gas-liquid mass transfer 

surface exactly in them and there is limited range of gas and liquid flow rates due to operational 

problems. 

Nowadays, CO2 removal by using gas-liquid membrane contactors has aroused great 

interest. A number of researchers have investigated the efficiency of membrane systems for 

absorption of carbon dioxide as a suitable alternative to conventional methods 
3-12

. In this kind of 

contactor, membrane plays the role of a physical barrier between gas and liquid phases without 
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having any considerable effect on separation selectivity 
13

. Gas-liquid membrane contactors have 

a high surface area per unit of contactor and due to the absence of interpenetration of two phases, 

they don’t suffer from operational problems occurring in conventional equipment such as 

flooding, weeping, loading, entrainment and foaming. Other advantages of membrane systems 

include: smaller size, easier scaling up and scaling down, and known surface of gas-liquid 

interface 
14

. Advantages and disadvantages of membranes have been studied by Gabelman and 

Hwang in more details 
15

. 

Hollow-fiber membrane contactors (HFMCs) are being studied more than other membrane 

geometries because of their higher surface/volume ratio 
13

. In gas-liquid absorption by HFMCs, 

the driving force is concentration gradient whereas the driving force is pressure gradient for 

systems which employ these contactors for filtration (like microfiltration). In recent years, a 

large number of researchers have tried to improve performance of membrane contactors for 

removal of CO2 and H2S from gas mixtures. Different parameters such as variation of liquid 

absorbents and their concentration, membrane materials, membrane modules, and gas and liquid 

flow rates were investigated in their studies 
5-11, 16-41

. 

Membranes could provide thermal and chemical stability, and fouling and plugging 

problems should be kept to minimum. Furthermore, on the basis of chosen liquid absorbent, 

wettability should be considered for better understanding the mechanism of separation. Porous 

membranes are of greater interest compared with nonporous membranes since the latter have a 

higher penetration resistance. Nevertheless, their selectivity for carbon dioxide can be more than 

porous membranes 
42,43

. Polysulfone (PS), polyethersulfone (PES), polyethylene (PE), 

polytetrafluoroethylene (PTFE), polypropylene (PP) and poly (vinylidene fluoride) (PVDF) are 
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examples of common hollow-fiber membranes in gas-liquid contactors, of which PP, PE and 

PTFE are the most conventional materials 
14

. 

As the first researchers utilizing porous membrane as the gas-liquid contactor, Esato and 

Eiseman used a polytetrafluoroethylene to oxygenize blood 
45

. In the following cases, researchers 

have used this method for separation. Qi and Cussler evaluated non-wetted polypropylene 

hollow-fiber membranes for the first time to capture CO2 while there was aqueous solution of 

sodium hydroxide as the liquid absorbent 
3,46

. 

Various liquid absorbents have been taken into consideration for acid-gas removal from gas 

mixtures by membrane processes (e.g. aqueous solutions of NaOH, KOH, NH3, Na2SO3, 

Na2CO3, K2CO3, amines and amino acid salts). MEA, DEA, MDEA, TEA, AMP, DGA and 

DIPA are instances of amine solutions. Selection of liquid absorbent is affected by high 

reactivity with CO2, surface tension, good thermal stability, low vapor pressure and ease of 

regeneration 
44

. 

Lu et al. added AMP and piperazine as activators to methyldiethanolamine (MDEA) 

solution and applied it to remove carbon dioxide from CO2/N2 gas mixture 
47

. In the other study, 

Ren et al. used PVDF for absorption of CO2 
48

. Kreulen et al. put emphasis on physical and 

chemical removal of CO2 by HFMCs. They studied carbon dioxide absorption in aqueous 

solution of glycerol by using PP membrane 
49

. Dubois and Thomas evaluated performance of 

different absorbents including MEA, MDEA, AMP, PZ and PZEA in CO2 capture. As they 

indicated, mixture of different amines improved carbon dioxide absorption efficiencies 
50

. 

Simulation of membrane process and application of results for industrial-unit design can 

have a considerable consequence on reduction of costs. Some researchers have simulated 
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HFMCs 
51-57

. Faiz and Al-Marzouqi theoretically studied hollow-fiber membrane contactors for 

CO2 and H2S capture by using MEA liquid absorbent and developed a 2D mass transfer model 
2
. 

Their model combined mass transfer along with chemical reaction. Kieffer et al. have simulated 

mass transfer phenomena in a liquid-liquid membrane system for laminar condition 
58

.  They 

used finite element methods for simulation of process and appropriate results were obtained. 

Sohrabi et al. used finite element method to develop a 2D mathematical model for CO2 

absorption in amine aqueous solutions (MEA, DEA, MDEA and AMP) and potassium carbonate 

59
. As their findings revealed, amines have a better performance for carbon dioxide capture as 

compared with K2CO3, due to the fact that CO2 have a higher reaction rate and solubility with 

amine absorbents.   

Nevertheless, amine solutions have some drawbacks such as high regeneration energy, and 

solvent loss, due to volatility and corrosion. Researchers try to find better substitutes such as 

ionic liquids (ILs) for alkanolamines. Amino-functionalized ILs are considered as good 

alternatives for CO2 removal because they have high thermal stability. Ease of regeneration, non-

volatility and tunable physicochemical properties are some other advantages of these absorbents 

60-62
. Tetramethylammonium glycinate ([N1111][Gly]) is an amino  acid-based  ionic liquid which 

shows a high capacity in removal of carbon dioxide in membrane processes 
63,64

. 

Jing et al. examined the followings: density, viscosity and PH of [N1111][Gly], aqueous 

solution in concentration span of 5% to 30% of the absorbent and temperatures from 298 K to 

323 K for CO2 capture. Their findings demonstrated that removal of carbon dioxide in absorbent 

solution can be described by the fast pseudo-first order reaction regime. Increase in [N1111][Gly] 

concentration and CO2 concentration would lead to increment of carbon dioxide absorption rate. 

On the contrary, CO2 load shows a decrement 
64

. 
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Due to the advantages of membrane processes accompanied by the advantages of 

tetramethylammonium glycinate absorbent, the present study develops a 2D mathematical model 

for CO2 separation from N2/CO2 gas mixture by [N1111] [Gly] in HFMC. Also, it investigates 

the effects of different parameters on the performance of the HFMC. 

 

2. Mass transfer model 

Carbon dioxide capture from N2/CO2 gas mixture is simulated using a 2D mass transfer model 

considering a hollow-fiber membrane as contactor. Fig. 1 shows a HFMC schematically. There 

are 21 fibers in a module which is 16 mm in outer diameter. The fibers have an outer and inner 

diameter of 2.2 mm and 1.4 mm, respectively. All geometrical details of the simulated HFMC 

are listed in Table 1 
65

. Gas mixture flows into the tube from top of the module with a flow rate 

of 200-1200 cm
3
/min and liquid absorbent enters into the shell from the bottom side with a 

concentration of 15% wt. [N1111][Gly] and a flow rate of 50-120 cm
3
/min. 

 

Fig. 1: A schematic diagram for the hollow-fiber membrane contactor. 

Table 1: Characteristics of the membrane contactor used in the simulations. 

 

2.1. Model equation 

Velocity profile in the tube side can be obtained from the Navier-Stokes equation but velocity 

distribution in the tube side has been considered as follows by assuming a fully-developed 

Newtonian laminar flow 
66

: 
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2

1

2 1   z tube

r
V u

r
−

  
 = −  
   

 (1) 

where r1 is inner radius of fiber and u (m/s) is average velocity of stream in the tube. 

It is worth noting that fiber cross-sectional area is supposed to be circle-shaped, on the basis of 

free surface model 
67

 .In all processes, and for component continuity, equation can be written as 

follows 
66

: 

( . ) ( . )i
i i i

C
C V J R

t

∂
= − ∇ − ∇ +

∂
 (2) 

where Ci (mol/m
3
), t (s), V (m/s), Ji (mol m

−2
 s

−1
), and Ri (mol m

−3
 s

−1
) indicate the 

concentration, time, velocity, diffusion flux and the reaction rate of component i respectively. 

Substitution of Fick’s law for Ji and steady state assumption will simplify the above equation for 

tube side, shell side, membrane and absorbent. 

 

2.1.1. Tube side equations 

Since there occurs no chemical reaction in tube and the convection term of mass transfer in radial 

direction is negligible in comparison with z-direction, Eq. 2 can be expanded as: 

2 2 2 2

2

2 2

2 2

1CO tube CO tube CO tube CO tube

CO tube z tube

C C C C
D V

r r r z z

− − − −
− −

 ∂ ∂ ∂ ∂
+ + = 

∂ ∂ ∂ ∂  
 (3) 

where radial and axial coordinates are shown in the equation with r and z respectively. Boundary 

conditions related to the tube side equation are: 

At r = r1, 
2 2

 CO tube CO membraneC C− −=  (4) 

At r = 0, 2 0
CO tubeC

r

−∂
=

∂
 

(5) 

At z=0, convective flux (6) 
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At z = L, 
2 2 ,0 CO tube COC C− =  (7) 

It is worth noting that convective flux as boundary condition implies no diffusion mass transfer 

through the boundary. 

 

2.1.2. Shell side equations 

The equation in shell side of the HFMC is given below: 

2 2 2 2

2 2

2 2

2 2

1CO Shell CO Shell CO Shell CO Shell

CO Shell z Shell CO

C C C C
D V R

r r r z z

− − − −
− −

 ∂ ∂ ∂ ∂
+ + = − 

∂ ∂ ∂ ∂  
 (8) 

As mentioned before, for obtaining the velocity profile in the shell, Navier-Stokes equation has 

to be solved 
66

: 

( )( ) ( ). .

. 0

T

z Shell z Shell z Shell z Shell

z Shell

V V V V p F

V

η ρ− − − −

−

−∇ ∇ + ∇ + ∇ +∇ =

∇ =
 (9) 

η, ρ, V, p are dynamic viscosity (kg m
−1

 s
−1

), density (kg m
−3

), velocity vector (m/s), pressure 

(Pa) and body force (N) respectively. Happel free surface model was employed to approximate 

shell radius (r3): 

1/2

3 2

1
r

1
r

φ
 

=  − 
 (10) 

where r2 is the tube outer radius. Φ indicates volume fraction of void section which is defined as 

follows: 

2

2

2
1     

nr
φ− =

R  
(11) 

where R
2
 and n are respectively the inner radius of the modules and the number of fibers. 

Boundary conditions for shell are as follows: 

Page 8 of 43RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



9 

 

At r = r3, 
2 0

CO shellC

r

−∂
=

∂
 

(12) 

At r = r2, 
2 2CO shell CO membraneC C m− −= ×  (13) 

At z = 0, 
2 z shell 00,V  VCO shellC − −= =  (14) 

At z = L, Convective flux, p = patm (15) 

where m presents CO2 solubility in absorbent. 

 

2.1.3. Membrane equations 

CO2 transfer into the pores of the membrane is done only by the diffusion. Assumption of steady 

state and no reaction conditions provides the below simplified continuity equation: 

2 2 2

2

2 2

2 2

1
0

CO membrane CO membrane CO membrane

CO membrane

C C C
D

r r r z

− − −
−

 ∂ ∂ ∂
+ + = 

∂ ∂ ∂    
(16) 

Boundary conditions are required for calculating Eq. 16 can be written as follows: 

At r = r1, 
2 2CO membrane CO shellC C− −=  (17) 

At r = r2, 
2

2

CO shell

CO membrane

C
C

m

−
− =  

(18) 

Since the membrane is porous and hydrophobic, the interface is formed at the liquid phase. 

Therefore, no concentration change is occurred at the interface between gas and membrane. 

 

2.1.4. Absorbent equations 

Eq. 19 shows the governed equation in the shell side for [N1111] [Gly]: 

2 2

2 2

1i shell i shell i shell i shell
i shell z shell i

C C C C
D V R

r r r z z

− − − −
− −

 ∂ ∂ ∂ ∂
+ + = − ∂ ∂ ∂ ∂ 

 (19) 
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Ri describes the chemical reaction between absorbent and CO2. According to the zwitterion 

mechanism, carbon dioxide reacts with the absorbent with the formation of a zwitterion, 

subsequently deprotonated by a base present in solution 
61-64

: 

 

where Bi is the bases present in the solution which can deprotonate the zwitterions, including 

H2O, OH
-
 and [N1111][Gly]. 

Boundary conditions of Eq. 19 are: 

At r = r3, 0absorbent shellC

r

−∂
=

∂
 

(20) 

At r = r2, 0absorbent shellC

r

−∂
=

∂
 

(21) 

At z = 0, Cabsorbent-shell = Cabsorbent,0 (22) 

At z = L, Convective flux (23) 

 

2.2. Numerical procedure 

The commercial finite element package of COMSOL Multiphysics version 3.5 was used to solve 

tube, membrane and shell side equations, by applying Finite Element Method (FEM). In 

addition, UMFPACK was employed as a powerful solver for symmetric problems. Accuracy of 

UMFPACK for membrane processes has been proved by some researchers 
59,65,71,73

. Fig. 2 

 
2 2 2 2 2H N CH COO R CO OCC H N CH COO R− + − + − +− − + − −�  

 
2 2 2i iOOC H N CH COO R B OOCHN CH COO R B H− + − + − − + +− − + → − − +
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presents triangular mesh elements relating to examining gas transfer in the HFMC. In Fig. 2, r1, 

r2, and r3 stand for inner radius of fiber, outer radius of fiber, and radius of free surface 

respectively. It should be pointed out that there were 3300 elements for whole geometry. 

 

Fig. 2: Model domain and meshes used for simulation. 

 

3. Results and discussion 

3.1. Model validation 

Respecting to the author’s knowledge, there is no experimental data on CO2 capture by hollow-

fiber membranes using tetramethylammonium glycinate absorbent. So, validity of the model has 

been assessed on the basis of experimental findings of Su-Hsia Lin et al about CO2 separation 

from N2 in the HFMC 
72

. As Fig. 3 indicates, simulation is generally accurate as compared with 

experimental data. 

 

Fig. 3: Relation between reaction rate and gas flow rates (for validation of model). 

 

3.2. Velocity distribution 

Figs. 4 and 5 indicate the velocity profile in the shell of the HFMC where the liquid absorbent 

flows through. The velocity distribution in the shell side is approximately parabolic. Moreover, 

the maximum velocity occurs at the middle of the shell and the amount of velocity on two walls 

of the shell is zero due to no-slip condition. In Fig. 4, fully developed condition exists after short 

distance from entrance. Indeed, hydraulic entrance length of the HFMC is small. 
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Fig. 4: Velocity field in the shell side (absorbent channel) of the hollow fiber membrane 

contactor. 

Fig. 5: Velocity profile in the shell side (absorbent channel) along the membrane length. 

 

3.3. Concentration distribution of CO2 

Fig. 6 shows dimensionless concentration distribution for CO2 in the tube, the membrane and the 

shell of the HFMC. As gas mixture flows through tube, carbon dioxide transfers to membrane 

because of difference of concentration 
64

. Regarding to Fig. 6, at z=L where gas enters the 

HFMC, the concentration of CO2 has maximum value while in the other side of the membrane 

and at z=0 the concentration of CO2 is equal to zero. 

Mechanism of mass transfer in the tube and the shell are diffusion and convection. Since flow is 

in z-direction, mass is transferred via convection. In radial direction, diffusion plays the most 

important role on mass transfer phenomena. Gas diffuses through the pores of the membrane to 

the other side. According to Fig. 6, the presence of carbon dioxide at z=L in the shell side can be 

seen close to the membrane wall it is due to the fact that the concentration of the absorbent 

decreases along the HFMC and has its minimum value in the mentioned area (see Fig. 8). 

Consequently, reaction of absorbent with CO2 is lower than other zones. 

Fig. 7 exhibits the vector of carbon dioxide concentration in the membrane contactor. It is clearly 

seen that CO2 mass transfer flux reduces along the membrane module because of carbon dioxide 

capture by absorbent. Moreover, variation rate of CO2 concentration along the contactor is 

significant which confirms the capability of membrane contactor in successful removal of CO2. 
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Fig. 6: Dimensionless concentration distribution for CO2 in the tube, the membrane and 

the shell of the HFMC. 

Fig. 7: Vector of total flux for CO2 in the membrane contactor. 

 

3.4. Concentration distribution of the absorbent 

Contour of dimensionless concentration of tramethylammonium glycinate([N1111][Gly]) in the 

shell of the HFMC is illustrated in Fig. 8. The liquid absorbent flows into the shell side (enters at 

z=0) and reacts to CO2 which has diffused through the membrane due to difference in 

concentrations of two sides. Fig. 9 shows the axial variation of tetramethylammonium glycinate 

concentration along the HFMC. Reduction of the absorbent concentration occurs more rapidly in 

the middle of the contactor length. On the other hand, [N1111][Gly] concentration in a short 

distance of the entrance of the shell does not vary considerably. Because there is no CO2 in the 

tube along the mentioned length, absorbent passes this length in the shell side without any 

reaction to carbon dioxide. 

 

Fig. 8: Dimensionless concentration of tramethylammonium glycinate ([N1111][Gly]) in the 

shell of the HFMC. 

Fig. 9: Axial variation of tetramethylammonium glycinate concentration along the HFMC. 

 

3.5. Effects of gas and liquid flow rates on CO2 capture 

The value of absorbed CO2 is calculated by using the below equation: 

( ) ( )
( )2%  removal 100 100 1  inlet Outlet outlet

inletinlet

v C v C C
CO

v C C

× − ×  
= = − 

×  
 (24) 
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where v (m
3
/s) and C (mol/m

3
) are volumetric gas flow rate and concentration respectively.  

The percentage of CO2 removal versus the liquid flow rate is indicated in Fig. 10. Increment of 

the liquid flow rate leads to increase of the amount of carbon dioxide removal because Reynolds 

number and in the following mass transfer coefficient go up. When the liquid flow rate increases 

more, no considerable change occurs in the absorption percentage of CO2 from the gas mixture. 

So, as absorbents are expensive, this can lead to reduction of unnecessary costs.  

Fig. 11 indicates impacts of gas flow rate on the amount of CO2 capture. Increase of gas flow 

rate associates with decrease in absorption of carbon dioxide by [N1111] [Gly]. Since the resident 

time of the gas mixture goes down by increment of its flow rate, less amount of CO2 can diffuse 

into pores of the membrane. 

 

Fig. 10: Percentage of CO2 removal versus the liquid flow rate. 

Fig. 11: Percentage of CO2 removal versus the gas flow rate. 

 

3.6. Effects of the absorbent concentration on CO2 capture 

Fig. 12 shows relationship between the concentration of [N1111] [Gly] and CO2 absorption in the 

shell side. Increase in the absorbent concentration results in greater removal of CO2. Therefore, 

carbon dioxide in outlet gas mixture stream decreases. Indeed, increment of the absorbent would 

lead to increase of reaction rate between CO2 and the absorbent that ultimately causes more 

captured CO2. Then, the absorbent concentration plays key role in carbon dioxide separation. 

 

Fig. 12: Relationship between the concentration of [N1111] [Gly] and Percentage of CO2 

removal. 
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3.7. Comparing different absorbents according to the amount of removed CO2 

For examining the efficiency of [N1111][Gly] absorbent, the amount of captured CO2 by above-

mentioned absorbent and two other conventional absorbents are compared in Fig. 13. As graphs 

show, the percentage of CO2 removal by the studied absorbent ([N1111][Gly]) is close to MEA as 

one of the most effective CO2 absorbents. Besides, the efficiency of [N1111][Gly] is higher than 

DEA that demonstrates  great effectiveness of tetramethylammonium glycinate in CO2 

separation. 

 

Fig. 13: Comparing different absorbents according to the amount of removed CO2. 

 

3.8. Effect of membrane structure on separation 

Effect of membrane structure in terms of porosity to tortuosity ratio on the separation 

performance of membrane was also investigated. The results are shown in Fig. 14 in which the 

percentage removal of CO2 versus porosity/tortuosity ratio is plotted. As it can be seen, the 

removal of CO2 can increase up to 90 % when the porosity to tortuosity ratio increases from 0.1 

to 0.9. This behavior could be attributed to the mass transfer resistance in the membrane pores. 

Increasing porosity of membrane results in reduction of mass transfer resistance in the membrane 

phase which in turn reduces the total mass transfer resistance for transport of CO2 from gas phase 

to the absorbent. 

 

Fig. 14: Effect of porosity to tortuosity ratio on the removal of CO2. 

 

3.9. Effect of membrane wetting 
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Effect of membrane wetting on mass transfer of CO2 from gas phase to the liquid phase was also 

studied to determine the favorable operational mode. The results for two different operations i.e. 

wetted and non-wetted modes are indicated in Fig. 15. When the membrane is considered to be 

hydrophobic, the pores of membrane are wetted with the gas phase, and the liquid absorbent 

cannot wet the membrane pores. In this case, the diffusion coefficient of CO2 through the 

membrane is higher than the case when the membrane is hydrophilic. Therefore, higher mass 

transfer rate and also CO2 removal is obtained in non-wetted mode (hydrophobic membrane). 

 

Fig. 15: Effect of membrane wetting on the removal of CO2. 

 

4. Conclusions 

A 2D mass transfer model has been developed for studying CO2 removal in HFMCs in which 

tetramethylammonium glycinate ([N1111] [Gly]) as the absorbent was used. The continuity 

equations of shell, membrane and tube were solved using Finite Element Method (FEM). As 

regards simulation findings, the model is appropriate for prediction of hollow-fiber membrane 

processes performance. Increase of flow rate and concentration of absorbent improve efficiency 

of membrane contactor. On the contrary, by increment of gas flow rate, the percentage 

absorption of CO2 declines. The amount of removed CO2 by [N1111] [Gly] is between that of 

DEA and MEA. Furthermore, the concentration of tetramethylammonium glycinate decreases 

along the HFMC mainly in the middle as it flows through the shell side. 
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Nomenclature 

C0 

C 

CCO2−shell 

CCO2−tube 

Ci 

Ci-tube 

Cin 

Cinlet 

Coutlet 

C abs–shell 

CM0 

D 

Di-membrane 

Di-tube 

inlet concentration (mol/m
3
) 

concentration (mol/m
3
) 

CO2 concentration in the shell (mol/m
3
) 

CO2 concentration in the tube (mol/m
3
) 

concentration of any species (mol/m
3
) 

concentration of any species in the tube (m
2
/s) 

absorbent concentration at the inlet (mol/m
3
) 

inlet concentration of CO2 in the shell (mol/m
3
) 

outlet concentration of CO2 in the shell (mol/m3) 

[N1111][Gly] concentration (mol/m3) 

inlet [N1111][Gly] concentration (mol/m3) 

diffusion coefficient (m
2
/s) 

diffusion coefficient of any species in the membrane (m2/s) 

diffusion coefficient of any species in the tube (m2/s) 

k 

L 

m 

n 

P 

Qg 

Ql 

r1 

r2 

r3 

reaction rate coefficient of CO2 with absorbent (m3/mol s) 

length of a fiber (m) 

physical solubility (–) 

number of fibers 

pressure (Pa) 

gas flow rate (L/h) 

liquid flow rate (L/h) 

tube inner radius (m) 

tube outer radius (m) 

inner shell radius (m) 
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r 

R  

Ri 

t 

T 

u 

V 

Vz-shell 

Vz-tube 

Z 

radial coordinate (m) 

module inner radius (m) 

overall reaction rate of any species (mol/m3 s) 

time (s) 

temperature (K) 

average velocity (m/s) 

velocity in the module (m/s) 

z-velocity in the shell (m/s) 

z-velocity in the tube (m/s) 

axial coordinate (m) 
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Figure captions: 

Figure1. A schematic diagram for the hollow fiber membrane contactor 

Figure2. Model domain and meshes used for simulation 

Figure3. Relation between reaction rate and gas flow rates (for validation of model), liquid flow 

rate = 100 (cm
3
/min); CO2 inlet concentration = 15 vol. %; AMP inlet concentration = 1 

(mol/lit); PZ inlet concentration= 0.2 (mol/lit); temperature = 298K. 

Figure4. Velocity field in the shell side (absorbent channel) of the hollow fiber membrane 

contactor, Gas flow rate = 200 (L/h); liquid flow rate = 100 (L/h); CO2 inlet concentration = 15 

vol. %; [N1111][Gly] inlet concentration = 15 wt. %; temperature = 298K. 

Figure5. Velocity profile in the shell side (absorbent channel) along the membrane length, Gas 

flow rate = 200 (L/h); liquid flow rate = 100 (L/h); CO2 inlet concentration = 15 vol. %; 

[N1111][Gly] inlet concentration = 15 wt. %; temperature = 298K. 

Figure6. Dimensionless concentration distribution for CO2 in the tube, the membrane and the 

shell of the HFMC. Gas flow rate = 200 (L/h); liquid flow rate = 100 (L/h); CO2 inlet 

concentration = 15 vol. %; [N1111][Gly] inlet concentration = 15 wt. %; temperature = 298K. 

Fig. 7: Vector of total flux for CO2 in the membrane contactor, Gas flow rate = 200 (L/h); liquid 

flow rate = 100 (L/h); CO2 inlet concentration = 15 vol. %; [N1111][Gly] inlet concentration = 15 

wt. %; temperature = 298K. 

Figure8. Dimensionless concentration of tramethylammonium glycinate ([N1111][Gly]) in the 

shell of the HFMC. Gas flow rate = 200 (L/h); liquid flow rate = 100 (L/h); CO2 inlet 

concentration = 15 vol. %; [N1111][Gly] inlet concentration = 15 wt. %; temperature = 298K. 

Figure9. Axial variation of tetramethylammonium glycinate concentration along the HFMC. Gas 

flow rate = 200 (L/h); liquid flow rate = 100 (L/h); CO2 inlet concentration = 15 vol. %; [N1111] 

[Gly] inlet concentration = 15 wt. %; temperature = 298K. 
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Figure10. Percentage of CO2 removal versus the liquid flow rate, Gas flow rate = 200 (L/h); CO2 

inlet concentration = 15 vol. %; [N1111][Gly] inlet concentration = 15 wt. %; temperature = 

298K. 

Figure11. Percentage of CO2 removal versus the gas flow rate, liquid flow rate = 100 (L/h); CO2 

inlet concentration = 15 vol. %; [N1111][Gly] inlet concentration = 15 wt. %; temperature = 

298K. 

Figure12. Relationship between the concentration of [N1111] [Gly] and Percentage of CO2 

removal, Gas flow rate = 200 (L/h); liquid flow rate = 100 (L/h); CO2 inlet concentration = 15 

vol. %; temperature = 298K. 

 Figure13. Comparing different absorbents according to the amount of removed CO2. Gas flow 

rate = 200 (L/h); liquid flow rate = 100 (L/h); CO2 inlet concentration = 15 vol. %; [N1111][Gly] 

inlet concentration = 15 wt. %; temperature = 298K. 

 

Fig. 14. Effect of porosity to tortuosity ratio on the removal of CO2. Gas flow rate = 200 (L/h); 

liquid flow rate = 100 (L/h); CO2 inlet concentration = 15 vol. %; [N1111][Gly] inlet 

concentration = 15 wt. %; temperature = 298K. 

 

Fig. 15. Effect of membrane wetting on the removal of CO2. Gas flow rate = 200 (L/h); CO2 inlet 

concentration = 15 vol. %; [N1111][Gly] inlet concentration = 15 wt. %; temperature = 298K. 
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