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Abstract The mitigation process of greenhouse gases emission such as CO2 into the atmosphere is

known as a vital necessity in modern societies. Nowadays, amino acid salt solutions (AASSs) have

been extensively applied as a promising alternative to alkanol amine absorbents to increase the CO2

sequestration efficiency from disparate gaseous flows. This article aims to computationally and the-

oretically evaluate the CO2 separation percentage using potassium glycinate (PG), potassium lysi-

nate (PL), potassium sarcosinate (PS) and potassium threonate (PT) amino acid solutions from an

inlet gaseous mixture inside a hydrophobic membrane contactor (HMC). To do this, the governing

first principal equations inside the HMC are solved using the computational fluid dynamics proce-

dure based on finite element technique. Acceptable agreement between the simulation results and

experimental values with average deviation of approximately 3% implies the validation of devel-

oped two-dimensional (2D) simulation approach developed in this study. The analysis of obtained

results demonstrated that PG is the most efficient amino acid solution for CO2 molecular seques-

tration with the ability of separating 90% of inlet CO2 in the system. The order of solutions is
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90% sequestration using PG > 89.3% sequestration using PT > 77.4% sequestration using

PL > 72.3% sequestration using PS.

� 2021 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open

access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Over the previous decades, boundless increment in humans’

industrial activities has eventuated in significant challenges
associated with the emission of poisonous greenhouse gases
(mainly CO2) into the atmosphere such as air contamination
and climate change (Herzog et al., 2000; Nakhjiri and

Heydarinasab, 2019; Rongwong et al., 2013).
CO2 is known as the most prominent component of green-

house contaminants based on the Intergovernmental Panel on

Climate Change (IPCC) (Mehdipour et al., 2014). Therefore,
numerous conventional techniques such as cryogenic separa-
tion and absorption towers have been proposed to appropri-

ately separate CO2 and control its perilous influences on the
humans’ health (Nakhjiri et al., 2018a; Park et al., 2009;
Rufford et al., 2012). Despite having acceptable performance
of CO2 sequestration and commercial viability, conventional

technologies have lost their applicability to purify gas streams
containing carbon dioxide, due to possessing unfavorable
drawbacks such as foaming, channeling, and high operational

costs (Demontigny et al., 2005; Kreulen et al., 1993;
Pishnamazi et al., 2020a). The emergence of hydrophobic
membrane contactors (HMCs) as a novel gas-liquid contact

technology has been significantly promising for investigators
to enhance the CO2 sequestration percentage due to their novel
privileges such as modularity and great flexibility in managing

gas-liquid flow rates (Ghadiri et al., 2018; Nakhjiri et al.,
2018c, 2020; Shirazian et al., 2012).

Recently, development of numerical modeling and compu-
tational simulations associated with HMCs based on the com-

putational fluid dynamics (CFD) approach has been of great
interest due to enabling researchers to perceive the unpredicted
parameters such as wettability and membrane porosity which

influence the final efficiency of HMCs. For instance, Nasim
Afza et al. developed a dynamic model to investigate CO2

removal efficiency applying liquid water as absorbent inside

a porous membrane contactor. They found that enhancing
the velocity of liquid from 0.1 to 0.45 m s�1 increased the mass
transfer flux from 8 � 10�4 to almost 17 � 10�4 mol m�2 s�1,
which was in great agreement with the employed measured
data (Afza et al., 2018). Zhang et al. developed a numerical
simulation to assess the removal yield of CO2 inside a HMC.
They applied the mixture of methyldiethanolamine (MDEA)

and 2-(1-piperazinyl)-ethylamine (PZEA) to chemically
sequester CO2. They found that by increasing the number of
fibers from 3000 to 10,000 substantially enhance the CO2 sep-

aration yield from 47.8 to 98.1% (Zhang et al., 2014).
Liquid chemical absorbents play a noteworthy role in CO2

sequestration process. For decades, alkanolamine chemical

solutions such as monoethanolamine (MEA), methyldiethano-
lamine (MDEA), ethylenediamine (EDA) and ethylethanola-
mine (EEA) have been widely utilized for sequestering CO2

through the HMCs. But, the existence of major operational

negative points such as corrosiveness, thermal degradation
and the need of high amount of energy for regeneration have
persuaded the researchers to look for novel liquid absorbents
to overcome the aforementioned disadvantages (Blauwhoff

et al., 1983; Faiz and Al-Marzouqi, 2009; Kim and Yang,
2000; Razavi et al., 2013). Amino acid salt solutions (AASSs)
have been recently selected as an interesting alternative for

alkanolamine absorbents due to their outstanding capabilities
such as superior stability in the exposure to oxygen, lower
volatility and acceptable regeneration ability (Afza et al.,

2018; Kumar et al., 2003; Nakhjiri and Heydarinasab,
2020a). Razavi et al. proposed a computational simulation of
a HMC to measure the sequestration percentage of CO2 from
N2/CO2 gaseous mixture applying potassium threonate (PT)

absorbent. They reported that increase in the absorbent flow
rate from 50 to 350 cm3 min�1 improved the CO2 flux from
2 � 10�4 to 2.4 � 10�4 kmol m�2 s�1 (Razavi et al., 2016).

Van Holst et al. performed an experimental investigation for
studying the CO2 absorption kinetics in eight disparate amino
acid salt solutions. They concluded that the potassium sarcosi-

nate and potassium prolinate possessed great reaction rate
towards CO2 removal (van Holst et al., 2009).

In economic viewpoint, HMCs have been currently known
as an appropriate alternative for traditional CO2 absorption

technologies such as cryogenic separation and absorption tow-
ers due to their significant potential to employ the advantages
of both chemical absorption and membrane separation tech-

nology with great performance (Feron et al., 1992; Naim
et al., 2012; Nakhjiri et al., 2020). Zhou et al. provided an eco-
nomical comparison between the traditional gas-liquid contac-

tors (i.e. spray towers) with novel membrane contactors such
as HMCs. They corroborated the HMCs possess the great
potential to save the operating cost by about 40%, which is

able to be justified due to their superior specific surface area
and better flexibility to control gas-liquid flow rates compared
to the conventional gas-liquid contacting systems (Li et al.,
2013; Zhou et al., 2010).

The important aim of this paper is to numerically develop a
modeling and computationally assemble a two-dimensional
(2D) axisymmetrical simulation based on the computational

fluid dynamics (CFD) procedure to investigate the amount
of CO2 molecular sequestration applying various AASSs inside
the HMC. As the novelty, four novel AASSs including potas-

sium sarcosinate (PS), potassium glycinate (PG), potassium
lysinate (PL) and PT are applied and consequently compared
to introduce the best solution for CO2 separation. Membrane

porosity/tortuosity, length of module and gas flow rate are
considered as important operational parameters, which are
aimed to be studied to evaluate their effects on the CO2 seques-
tration yield.

2. Chemical reaction of CO2 with different AASSs

It is important to note that the reaction rate equation of CO2

molecules with the employed AASSs (PT, PG, PS and PL)

http://creativecommons.org/licenses/by/4.0/
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seems to be necessary for developing the wide-ranging simula-
tion. Generally, it can be claimed that the pathway of CO2

molecules-AASSs reaction is similar to the CO2 molecules-

amine reaction due to the similarity of AASSs molecular struc-
ture with primary amines (Kumar et al., 2003). The zwitteri-
onic and termolecular reaction mechanisms are known as the

most authentic mechanisms for interpreting the CO2

molecules-AASSs reaction (Caplow, 1968; Crooks and
Donnellan, 1989). Based on the zwitterionic mechanism, CO2

binding with AASSs forms a zwitterion. Then, the instant
deprotonation process of zwitterion takes place by H+ ion
exchange with water or a base associated with the solution.
The following reactions present the zwitterions formation/de-

protonation, respectively (Caplow, 1968; Danckwerts, 1979):

R2NHþ CO2

!k1
 
k�1

R2N
þHCO2

� ð1Þ

R2N
þHCO2

� þ B!kB R2NCO2
� þ BHþ ð2Þ

where B stands for the base, capable to deprotonate the zwit-

terions. In AASSs, H2O and OH� are the desired bases. The
chemical reaction rates of CO2 molecules with PT, PG, PS
and PL amino acid salt solutions inside the tube pathway of

HMC are presented as follows (Aronu et al., 2011; Portugal
et al., 2007b, 2008; Shen et al., 2016):

rCO2�PT ¼ �4:13� 108exp �3580=Tð ÞCPTexp 0:9CPTð ÞCCO2

ð3Þ

rCO2�PG ¼ �ð2:42
� 1016exp �8544=Tð Þexp 0:44CPGð ÞCPGCCO2

ð4Þ
Fig. 1 The CO2 molecular mass transfer, simplified
rCO2�PS ¼ �
CPSCCO2

1=k
0� �þ 1=ðkPSCPS þ kH2OCH2OÞð Þ ð5Þ

rCO2�PL ¼ �ð2:778� 1013exp �6138=Tð ÞÞCPLCCO2
ð6Þ
3. Modeling and simulation

In the present investigation, a mechanistic/mathematical

modeling and an axisymmetrical 2D simulation are developed
to theoretically evaluate the dynamic CO2 molecular seques-
tration from an inlet gaseous mixture using PT, PG, PS
and PL amino acid salt solutions inside the HMC. Each com-

mercial module consists of a microporous hydrophobic mem-
brane that causes separation of the gas–liquid phases. The
occurrence of CO2 molecular mass transfer may be justified

by the diffusion of CO2 molecules existed in the feed gas (in-
side the shell compartment) to the membrane walls and con-
sequently their chemical absorption via AASSs inside the

tube pathway. Fig. 1 schematically depicts the CO2 molecular
mass transfer, simplified geometry and module cross section
of a HMC.

The followings are considered as the functional assump-

tions employed for simplifying the development of model
and wide-ranging simulation (Al-Marzouqi et al., 2008a;
Ghadiri et al., 2018; Zhang, 2016; Zhang et al., 2014):

1) Steady state and isothermal modes of operation;
2) The deprotonation process is assumed to be fast;

3) The CO2 molecules manner is considered First-order;
4) Microporous membrane is assumed to be non-selective;
5) The identical distribution of membrane pores inside the

HMC;
geometry and module cross section of a HMC.
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6) The membrane module is assumed Axisymmetrical in

the simulations;
7) Membrane pores are only filled with gas (Non-wetted

mode of operation);

8) Henry’s law is employed to interpret the gas phase -
amino acid solutions’ equilibrium;

9) The gas phase in the shell pathway is assumed to follow
the ideal demeanor;

10) It is assumed that the AASSs inside the tube compart-
ment and inlet feed gas in the shell pathway follow the
laminar flow regime;

11) AASSs and gaseous mixture flow counter-currently.

Table 1 represents the essential HMC’s specifications and

employed operating conditions. COMSOL software is well
identified as an appropriate commercial package to simultane-
ously solve the main partial differential equations (PDEs) in
prominent segments of HMC using finite element technique

(FET). Based on this aim, PARDISO numerical solver has
been well determined as a suitable solver to analyze the gov-
erning PDEs due to some advantages such as simplicity,

robustness and capability to solve stiff/non-stiff boundary
problems. In order to solve the PDEs, a platform with a 64-
bit operating system, an Intel coreTM i5-4200U CPU at

2.67 GHz and a 4 Gigabyte RAM is applied. It is worth noting
that the running duration (computational time) of this geome-
try using the aforementioned solver was about 8 min.

The basic mass transfer equation based on non-wetted and
steady state operational modes for components i including
CO2 molecules and disparate AASSs (PG, PL, PS and PT)
inside the tube of HMC is derived as follows (Faiz and Al-

Marzouqi, 2009; Nakhjiri et al., 2018b; Pishnamazi et al.,
2020c; Pishnamazi et al., 2020d):

Di;tube

@2Ci;tube

@r2
þ 1

r

@Ci;tube

@r
þ @2Ci;tube

@z2

� �
þ Ri

¼ Vz;tube

@Ci;tube

@z
ð7Þ

where, the diffusion coefficients of CO2 molecules and all of the

employed AASSs including PT, PG, PS and PL in the HMC’s
tube section is defined with Di;tube. Also, the reaction rate and

axial velocity are interpreted withRi and Vz;tube, respectively.

Newtonian laminar flow regime is assumed inside the tube.
Table 1 The essential HMC’s specifications and employed

operating conditions (Yan et al., 2007).

Parameter Unit Value

Inner hollow fiber radius (r1) m 1.72 � 10�4

Outer hollow fiber radius (r2) m 2.21 � 10�4

Module inner radius m 0.04

Porosity (e) – 0.45

Module length (L) m 1

Number of fibers (n) – 7000

AASSs temperature (T) K 308

AASSs concentration (CAASSs) mol m�3 1000

Gas flow rate (Vg) m s�1 0.211

Liquid flow rate (Vl) m s�1 0.0503

CO2 volume fraction in feed gas vol.% 14

Packing density (1-u) % 21.4

Average pore size mm 0.02 � 0.2
Therefore, the following equation defines the axial velocity dis-

tribution (Faiz and Al-Marzouqi, 2009; Nakhjiri et al., 2018a):

Vz;tube ¼ 2Vt

�
1� r

r1

� �2
" #

ð8Þ

where the amount of average velocity in the tube, radial coor-

dinate and the radius of inner fibers are expressed by Vt

�
, r and

r1, respectively. Employed boundary conditions in the tube

pathway can be interpreted as follows:

at r ¼ 0 : @CCO2 ;tube=@r ¼ 0 ð9Þ

at r ¼ r1 : CCO2 ;tube ¼ mCO2
CCO2 ;mem ð10Þ

at z ¼ 0 : Convective flux ð11Þ

at z ¼ L : CCO2 ;tube ¼ 0;Csolution;tube ¼ Cinitial ð12Þ
The fundamental mass transfer equation based on non-

wetted and steady state operational modes inside the membrane
pathway of HMC is presented by Eq. (13) (Faiz and Al-
Marzouqi, 2009; Nakhjiri et al., 2018a; Pishnamazi et al.,

2020b). In this investigation, polypropylene membrane is
applied due to its brilliant hydrophobic property. The appropri-
ate hydrophobicity of porous membrane results in facilitating

the penetration of CO2 molecules into the wall pores of mem-
brane. By the assumption of non-wetted operational mode,
membrane pores are only filled with the gas molecules. There-
fore, the diffusion of CO2 molecules inside the gas is the only

mass transfer mechanism through the membrane micropores
(Afza et al., 2018; Al-Marzouqi et al., 2008b; Nakhjiri and
Roudsari, 2016; Pishnamazi et al., 2020d; Shirazian et al., 2020).

DCO2 ;mem

@2CCO2 ;mem

@r2
þ 1

r

@CCO2 ;mem

@r
þ @2CCO2 ;mem

@z2

� �
¼ 0 ð13Þ

where the amountofCO2 concentration andmolecular diffusion
coefficient in the membrane micropores are denoted with
CCO2 ;mem and DCO2 ;mem, respectively. As may be well perceived,

DCO2 ;mem is an important parameter, which respectively possesses

direct connection with membrane porosity (e) and reverse con-
nection with membrane tortuosity (s) and can be derived as
(Faiz and Al-Marzouqi, 2009; Nakhjiri et al., 2018a):

DCO2 ;mem ¼ eDCO2 ;shell

s
ð14Þ

DCO2 ;shell in the aforementioned equation stands for the CO2

molecular diffusion coefficient in the shell of HMC. Utlized
boundary conditions in the membrane pathway is interpreted
as follows:

at r ¼ r1 : CCO2 ;mem ¼ CCO2 ;tube=mCO2
ð15Þ

at r ¼ r2 : CCO2 ;mem ¼ CCO2 ;shell ð16Þ

at z ¼ 0 : Insulated ð17Þ

at z ¼ L : Insulated ð18Þ
To derive the basic mass transfer equation based on non-

wetted and steady state operational modes inside the shell
pathway of HMC for the CO2 molecular transport, either
Maxwell-Stefan theory or Fick’s law is able to be applied as

follows (Al-Marzouqi et al., 2008a; Eslami et al., 2011):
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DCO2 ;s

@2CCO2 ;s

@r2
þ 1

r

@CCO2 ;s

@r
þ @2CCO2 ;s

@z2

� �
¼ Vz;s

@CCO2 ;s

@z
ð19Þ

Assumption of gas phase’s laminar flow regime and Hap-
pel’s free surface model in the porous HMC eventuated in

the derivation of the velocity profile via the following equation
(Eslami et al., 2011):

Vz;shell ¼ 2Vs

�
1� r2

r3

� �2
" #

� ðr=r3Þ2 � ðr2=r3Þ2 þ 2ln r2=rð Þ
3þ ðr2=r3Þ4 � 4ðr2=r3Þ2 þ 4ln r2=r3ð Þ

" #
ð20Þ
In the above equation, the velocity in the z (axial) direction,
the shell pathway’s average velocity and the radius of outer

fiber in HMC are respectively signified byVz;shelland V
�
s and

r2. Furthermore, the shell pathway’s hypothetical effective
radius is denoted by r3 and predicted as follows (Faiz and

Al-Marzouqi, 2009; Nakhjiri and Heydarinasab, 2020a):

r3 ¼ r2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1= 1� uð Þ

p
ð21Þ

In the aforementioned equation, ð1� uÞ stands for the
packing density in the HMC and is calculatted as (Nakhjiri
and Heydarinasab, 2019; Razavi et al., 2016):
Table 2 The essential physicochemical parameters related to CO2 g

Parameter Value Unit Refere

DCO2 ;shell 1.8 � 10�5 m2 s�1 (Faiz a

DCO2 ;mem DCO2 ;shell e=sð Þ m2 s�1 (Faiz a

DCO2 ;PT 1.38 � 10�9 m2 s�1 (Shen

DCO2 ;PG 1.8 � 10�9 m2 s�1 (Portu

DCO2 ;PS 1.547 � 10�9 m2 s�1 (Aron

DCO2 ;PL 9 � 10�10 m2 s�1 Calcul

DPT;tube 8.45 � 10�10 m2 s�1 (Const

DPG;tube 0.5�DCO2 ;PG m2 s�1 Estima

DPS;tube 1.03 � 10�9 m2 s�1 (Hamb

DPL;tube 0.5�DCO2 ;PG m2 s�1 Estima

mCO2 ;PT 1.5 – (Portu

mCO2 ;PG 0.625 – Calcul

mCO2 ;PS 0.544 – Calcul

mCO2 ;PL 0.602 – Calcul

k
0 2.6198 � 109exp �915:8=Tð Þ m3 kmol�1 s�1 (Aron

kPS 6.3494 � 106exp �1589:6=Tð Þ m6 kmol�2 s�1 (Aron

kH2O 3.9805 � 108exp �3924:4=Tð Þ m6 kmol�2 s�1 (Aron

lPG 0.964 � 10�3 Pa s�1 (Lu et

lPL 1.445 � 10�3 Pa s�1 Calcul

lPT 1.148 � 10�3 Pa s�1 Calcul

lPS 0.35 � 10�3 Pa s�1 Calcul

lCO2
1.52 � 10�5 Pa s�1 (Bar-M

lCH4
1.13 � 10�5 Pa s�1 (Bar-M

lgaseousmixture ð0:14� lCO2
þ 0:86� lCH4

Þ Pa s�1 (Bar-M

qPG 1061.9 kg m�3 (Lu et

qPL 1072 kg m�3 (Mazin

qPT 1062.5 kg m�3 (Portu

qPS 1260 kg m�3 Calcul

qCO2
1.75 kg m�3 (Bar-M

qCH4
0.64 kg m�3 (Bar-M

qgaseousmixture ð0:14� qCO2
þ 0:86� qCH4

Þ kg m�3 (Bar-M
1� u ¼ nr22
R2

ð22Þ

In Eq. (22), the module inner radius and the fibers number
embedded in the module are respectively defined with Rand n.

Additionally, r3 is calculated as 4.78�10�4 m applying the mix-
ture of Eqs. (21) and (22). Employed boundary conditions in
the shell pathway are rendered as follows:

at r ¼ r2 : CCO2 ;shell ¼ CCO2 ;mem ð23Þ

at r ¼ r3 : @CCO2 ;shell=@r ¼ 0 ð24Þ

at z ¼ 0 : CCO2 ;shell ¼ Cinitial ð25Þ

at z ¼ L : Convective flux ð26Þ
The essential physicochemical parameters related to CO2

gas and PT, PG, PS and PL amino acid salt solutions are listed

in Table 2.

4. Study of flow regime inside the HMC

In this paper, the dimensionless Reynolds (Re) number of
AASSs and gaseous mixture is scheduled to be calculated in
both tube and shell compartments of HMC to study the lam-

inar flow pattern. The following equation represents the Re
as and PT, PG, PS and PL amino acid salt solutions.

nce

nd Al-Marzouqi, 2009)

nd Al-Marzouqi, 2009)

et al., 2013)

gal et al., 2007a)

u et al., 2011)

ated from (Shen et al., 2016)

antinou et al., 2014)

ted (Faiz and Al-Marzouqi, 2009; Ghasem and Al-Marzouqi, 2017)

org et al., 2008)

ted (Faiz and Al-Marzouqi, 2009; Ghasem and Al-Marzouqi, 2017)

gal et al., 2008)

ated from (Portugal et al., 2009)

ated from (Aronu et al., 2011; Eslami et al., 2011)

ated from (Eslami et al., 2011; Shen et al., 2016)

u et al., 2011)

u et al., 2011)

u et al., 2011)

al., 2011)

ated from (Mazinani et al., 2015)

ated from (Portugal et al., 2008)

ated from (Majchrowicz, 2014)

eir, 2014)

eir, 2014)
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Fig. 2 Comparison between model predictions and experimental

data for CO2 separation in a wide range of gas flow applying PG

and MEA solution. Experimental data was made by Yan et al.

(2007).
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number for PG, PL, PS and PT AASSs inside the tube of
HMC (Bird et al., 1960; Nakhjiri et al., 2020):

Rel ¼ qlVlDi

ll

ð27Þ

In the abovementioned equation, ql, ll and Vl are, respec-
tively, expressed as density, viscosity, and velocity of AASSs,

respectively. Moreover, Di is the fiber’s inner diameter. The
Re number for CO2/CH4 gaseous mixture flowing inside the
shell of HMC is predicted using the following equation (Bird

et al., 1960; Nakhjiri et al., 2020):

Reg ¼
qgVgDh

lg

ð28Þ

where qg, Vg, lg and Dh are respectively denoted as gaseous

mixture’s density, velocity, viscosity, and shell’s hydraulic
diameter. Table 3 reports the Re number of AASSs and gas-

eous mixture. As the results demonstrate, the Re numbers in
both tube and shell pathways of HMC are much lower than
2100, which verifies the assumption of laminar flow regime

in the tube and the shell sides of HMC.

5. Results and discussion

5.1. Model validation

To validate the obtained results of modeling and simulation,
model’s predictions for CO2 molecular sequestration in a spec-
ified range of gas flow are compared with literature data

achieved by Yan et al. for PG and MEA solutions (Yan
et al., 2007). As shown in Fig. 2, illustrious agreement between
the modeling/simulation results and experimental data with
average deviation of approximately 3% implies the validation

of employed numerical modeling and axisymmetrical simula-
tion. Moreover, it is observed that separation efficiency is
reduced with increasing the gas flow velocity in the shell side,

which is due to shorter residence time.

5.2. Study of CO2 concentration gradient and CO2 molecular
sequestration percentage

Fig. 3 aims to illustrate the CO2 concentration gradient inside
the shell pathway of HMC. Due to the counter-current move-

ment of gaseous mixture - AASSs inside the HMC, the feed gas
enters the module from the bottom (at z = 0, where the CO2

concentration is adjusted to be maximum) and the flowing of
AASSs including PT, PG, PS and PL from the top of the mod-

ule (at z = L, where the CO2 concentration is proffered to be
zero). The sequestration process of CO2 molecules from the
inlet gaseous mixture would be appropriately justified by the

CO2 molecular transfer from shell side to membrane microp-
ores, and their absorption by AASSs in the tube pathway.
Comparison of the CO2 concentration content in the inlet
Table 3 Reynolds numbers in the tube and shell pathways of

HMC.

Reynolds number RePG RePL RePT RePS Regaseousmixture

Tubeside 19.06 12.83 16.01 62.3 –

Shellside – 7.27
and outlet of shell pathway implies the superiority of PG for
CO2 molecular sequestration with the ability of separating
about 90% of inlet CO2. Based on the comparison, the seques-

tration percentage of CO2 using PT, PL and PS amino acid salt
solutions is 89.3, 77.4 and 72.3%, respectively. Therefore, PG
solution is introduced as the most efficacious amino acid solu-

tion for sequestering CO2 from gaseous mixtures.

5.3. Study of AASSs concentration gradient at the tube-
membrane interface

Concentration gradient of AASSs including PT, PG, PS and
PL alongside the HMC’s tube-membrane interface on the basis
of non-wetted operational mode is demonstrated in Fig. 4.

Whene CO2 molecules diffuse inside the membrane microp-
ores, they react with PT, PG, PS and PL amino acid solutions,
which are simultaneously circulating in the tube pathway. At

the tube-membrane interface, concentration content of PT,
PS, PG and PL solutions declines significantly due to the
CO2 molecules – AASSs reaction and also their consumption.
It can be shown from the figure that approximately all of PT,

PS, PG and PL solutions are consumed and their contents are
zero at the tube-membrane interface, which implies the fast
reaction of CO2 molecules with AASSs.

5.4. Study of design/oprational parameters effects on the CO2

molecular sequestration

The percentage of CO2 molecular sequestration is derived by
the following equation (Cussler, 2009; Nakhjiri and
Heydarinasab, 2020b; Nakhjiri et al., 2018a):

Sequestration% ¼ 100
tCð Þinlet � tCð Þoutlet

tCð Þinlet

� �

¼ 100
Quð Þinlet � Quð Þoutlet

Quð Þinlet

� �

¼ 100 1� Coutlet

Cinlet

� �
ð29Þ



Fig. 3 CO2 concentration gradient in the shell pathway of HMC using A) PT, B) PG, C) PS and D) PL solutions. CO2 volume fraction

in feed gas = 14 vol% (equal with 5.71 mol m�3), Vl = 0.0503 m s�1, Vg = 0.211 m s�1, CAASSs = 1000 mol m�3, T = 308 K.

Fig. 4 Concentration gradient of A) PT, B) PG, C) PS and D) PL solutions at the tube-membrane interface. CO2 volume fraction in feed

gas = 14 vol% (equal with 5.71 mol m�3), Vl = 0.0503 m s�1, Vg = 0.211 m s�1, CAASSs = 1000 mol m�3, T = 308 K.
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The module length’s influence on the molecular sequestra-
tion efficiency of CO2 applying AASSs including PT, PG, PS

and PL based on the non-wetted operational mode is depicted
in Fig. 5. As would be expected, the sequestration efficiency of
CO2 molecules from gaseous mixture increases dramatically by

increasing the module length. This increment can be associated
with increasing the contact area inside the module and also
enhancement of residence time for both phases. It is shown

from the figure that increase in the module length from 0.2
to 1.4 m enhances the sequestration efficiency of CO2 mole-
cules from 50 to 95% using PG, from 43 to 95% using PT,

from 33 to 85% using PL and from 32 to 78% using PS.
The influence of membrane porosity on the sequestration
percentage of CO2 molecules utilizing AASSs including PT,

PG, PS and PL is demonstrated in Fig. 6. As mentioned in
Eq. (14), a direct connection exists between the porosity con-
tent of membrane and the effective diffusivity of CO2 mole-

cules in the membrane pathway (DCO2�mem) (Faiz and Al-

Marzouqi, 2009; Gabelman and Hwang, 1999). This equation
demonstrates that increase in the porosity of membrane even-

tuates in a significant improvement in the effective diffusivity
of CO2 molecules in the membrane pathway. As a result, by
enhancing the effective diffusivity of CO2 molecules, the

molecular mass transfer of CO2 inside the membrane pathway



Fig. 5 The module length’s effect on the CO2 molecular

sequestration percentage using PT, PG, PS and PL solutions.

CO2 volume fraction in feed gas = 14 vol% (equal with

5.71 mol m�3), Vl = 0.0503 m s�1, Vg = 0.211 m s�1,
CAASSs = 1000 mol m�3, T = 308 K.

Fig. 6 The effect of membrane porosity on the CO2 molecular

sequestration percentage using PT, PG, PS and PL solutions. CO2

volume fraction in feed gas = 14 vol% (equal with 5.71 mol m�3),
Vl = 0.0503 m s�1, Vg = 0.211 m s�1, CAASSs = 1000 mol m�3,
T = 308 K.
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remarkably improves which causes the increase in the seques-
tration yield of CO2 molecules in the HMC. The aforemen-
tioned figure shows that enhancement of the porosity of

membrane from 0.1 to 0.9 improves the sequestration effi-
ciency of CO2 molecules from 70 to 98.5% using PG, from
67.5 to 98% using PT, from 38 to 95% using PL and from

26 to 94% using PS.
The sequestration efficiency of CO2 molecules using differ-

ent AASSs in an extensive range of tortuosity (from 2 to 6) can

be presented by Fig. 7. It is worth mentioning that the mem-
brane’s tortuosity in this paper is calculated 5.339 using the
following equation (Nabipour et al., 2020; Pishnamazi et al.,
2020c, 2020e; Srisurichan et al., 2006):
Fig. 7 The effect of membrane tortuosity on the CO2 molecular se

volume fraction in feed gas = 14 vol% (equal with 5.71 mol m�3), V
T = 308 K.
s ¼ 2� eð Þ2=e ð30Þ
It is well perceived that increment of membrane tortuosity

intensifies the membrane mass transfer resistance, which
causes a remarkable deterioration in the CO2 molecular mass
transfer. Consequently, the reduction of CO2 molecular mass
transfer inside the micropores of membrane negatively affects

the CO2 sequestration percentage.

6. Conclusions

The prominent purpose of this study is to compare the perfor-
mance of four promising amino acid salt solutions including
questration percentage using PT, PG, PS and PL solutions. CO2

l = 0.0503 m s�1, Vg = 0.211 m s�1, CAASSs = 1000 mol m�3,
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PG, PL, PS and PT for sequestering CO2 molecules from an
inlet gaseous stream inside a HMC. To do this, a numerical
modeling and a computational 2D axisymmetrical simulation

are developed based on the computational fluid dynamics
(CFD) procedure to analyze and solve the governing mass/mo-
mentum transfer equations inside the main compartments of

HMC. After analyzing the results, it is well identified that
PG is the most efficient amino acid solution for CO2 molecular
sequestration with the ability of sequestering 90% of inlet CO2

to the system. The order of solutions is 90% sequestration
using PG > 89.3% sequestration using PT > 77.4% seques-
tration using PL > 72.3% sequestration using PS at the opti-
mum condition. Therefore, it can be claimed that PG and even

PT may be considered as promising alternatives for conven-
tional alkanolamine solutions to mitigate the anthropogenic
emission of CO2 molecules into the natural environment.

Moreover, the results showed the positive influence of increas-
ing some operational parameters such as length of module and
porosity on the sequestration efficiency of CO2 molecules, and

also the negative impact of increasing the amount of tortuosity
on the CO2 sequestration percentage.
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