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This study investigated CO; separation from natural gas using hollow fiber membrane contactors, focusing on the
combined effects of membrane wettability and absorbent type on separation efficiency. Unlike prior studies that
primarily examined dry or fully wetted membranes, we explored intermediate wetting conditions (20 %-60%) to
simulate realistic operational scenarios over time. Three absorbents—monoethanolamine (MEA), piperazine
(PZ), and triethanolamine (TEA)—with distinct reaction kinetics were evaluated. The results indicated that under
dry conditions, all absorbents achieve near-100 % CO, removal due to fast reaction kinetics relative to gas flow.
However, under wetted conditions (20 %-60 %), absorbent type significantly influenced performance, with PZ
(the fastest-reacting) removing up to 15 % of CO3 at the maximum gas velocity (3.3 m/s), compared to just 5 %
for TEA (the slowest-reacting) at 60 % wetting, while at 20 % wetting, the removal efficiencies were 51 % for PZ
and 38 % for TEA. Furthermore, we modeled long-term performance decline due to membrane aging and wet-
ting, providing novel insights for industrial applications. This work advances sustainable gas separation tech-
nologies by elucidating the interplay of wettability, absorbent kinetics, and temporal dynamics, and by
addressing key gaps in previous research.

[11,12]. A hollow fiber membrane separation system consists of three
parts: shell, membrane, and tube side. The membrane acts as a barrier,
preventing mixing between the two fluids and selectively allowing
specific components to pass through the membrane. To separate CO5

1. Introduction

Natural gas consists predominantly of methane (CHy4), up to 70-90
%, but also comprises other constituents, such as carbon dioxide (CO3)
[1]. Natural gas appliances, such as furnaces and stoves, emit CO5
through combustion and CHy4 directly into the atmosphere due to leaks
and incomplete combustion [2-4]. In many cases, it is beneficial to
remove the CO» prior to natural gas utilization [5,6]. Different methods,
such as adsorption, absorption, and membrane separation technologies,
are extensively employed for gas purification [7-9]. Among these,
membrane separation systems have garnered significant attention due to
their high performance in various separation applications [10].

Hollow fiber membranes stand out for their exceptional perfor-
mance, making them preferable to other membrane configurations.
Hollow fiber membrane systems have recently become a focus of
research for the separation of carbon dioxide from many gas streams

* Corresponding authors.

using a hollow fiber membrane contactor, allows only carbon dioxide
molecules to pass through its pores. Research efforts to improve the
efficiency of membrane contactor systems in separation processes have
focused on optimizing process conditions, membrane properties, and
structural designs. However, the membrane or separator often de-
termines the lifespan of the system. As a result, research has predomi-
nantly concentrated on improving membrane properties and structures
[13-171].

Polymeric membranes such as polyether sulfone, polyamide, and
polyvinyl fluoride are used to separate carbon dioxide from various gas
mixtures. Water repellency, resistance to heat and pressure, and
simplifying the membrane structure to reduce production costs are
crucial in selecting appropriate membrane materials for separation
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Nomenclature

English Letters

C; concentration (molem %)

Ci_shell concentration in the outer-tube (molem ™)
Ci.tube concentration in the inner-tube (molem™3)
Cimembrane CONcCentration in the membrane (molem™3)
Qin inlet gas flow rate in shell (m3es™1)

D; diffusion coefficient (mZes™1)

J; CO-, mass transfer flux (molem 2es™!)

L length of the module (m)

m; gas solubility (molemol™1)

n number of fiber

Qin gas flow rate at the inlet (m®es™1)

Qout gas flow rate at the outlet (m3es™)

r radial coordinate (m)

Tp membrane pore radius (m)

Rary radius of dried part of membrane (m)

R; reaction rate (moles 1)

Ryer radius of wet part of membrane (m)

T temperature (K)

u average velocity in the outer tube (mes™)
\Y% velocity (mes™)

Greek Symbols

€ porosity

@ void volume inside the module
0 contact angle (degree)

c liquid’s surface tension (N/m)
Subscripts/Superscripts

in inlet boundary

8 8as

l liquid

m membrane

out outlet boundary

P pore of the membrane

w wet

Abberviations

HFMC  hollow fiber membrane contactor
MEA monoethanolamine

nRMSE normalized root mean square error
PARDISO parallel direct sparse solver
PVDF polyvinylidene fluoride

PZ piperazine

TEA triethanolamine

processes. Among the investigated membranes for carbon dioxide sep-
aration, polyvinylidene fluoride (PVDF) membranes have gained
attention due to their relatively low production cost and favorable
properties [6,13,18-21]. Besides membrane type, the choice of absor-
bent also significantly affects process efficiency, which are generally
classified as either physical or chemical absorbents [22,23].

Chemical absorbents offer notable benefits, including higher ab-
sorption capacity and rate of reaction compared to physical absorbents,
which provide chemical absorbents an important benefit when the ab-
sorption efficiency is the most important factor [24-26]. Given the high
purity of methane and the challenge of achieving efficient separation,
experimental and modeling studies on removing carbon dioxide from
methane are of great importance. Hence, extensive research has been
conducted in modeling and experimental phases to introduce and
examine suitable membranes, absorbents, and operating conditions for
this process [6,25,27].

Nakhjiri and Heydarinasab [28] numerically investigated CO3 sep-
aration from a COy/CH4 mixture in a hollow fiber membrane contactor
(HFMC) using absorbents such as ethylenediamine (EDA), 2-(1-piper-
azinyl)-ethylamine (PZEA), and potassium sarcosinate (PS). The results
demonstrated that the absorbent type plays a critical role in the sepa-
ration process, with PZEA achieving the highest CO, removal efficiency
(88.75 %), followed by PS (82.2 %) and EDA (81 %). Abdolahi-
Mansoorkhani and Seddighi [19] developed a mathematical model to
study the simultaneous removal of CO5 and HjS from natural gas using a
PVDF membrane enhanced with calcium carbonate (CaCOs) nano-
particles. The results showed that adding nanoparticles to the membrane
modifies membrane porosity and surface characteristics, significantly
impacting removal efficiency. In another study, they investigated the
effect of membrane wettability at 50 % wetting on removal efficiency,
finding that wettability increases mass transfer resistance and drastically
reduces separation performance (from 75 % under non-wetted condi-
tions to just 8 % under partially wetted conditions) [18]. Most modeling
studies have focused on the effect of absorbent type on CO, separation
efficiency in membrane systems, whereas only a few have investigated
the long-term effects of membrane wettability. The combined analysis of
wettability and absorbent type remains largely unexplored. Gilassi and
Rahmanian [29] developed a two-dimensional model for CO5 separation
from a CO2/Ny gas mixture using a hollow fiber membrane contactor

(HFMCQ). Their study focused on the effects of various amine solutions,
such as monoethanolamine (MEA), diethanolamine (DEA), and n-
methyldiethanolamine (MDEA) as chemical absorbents for CO, separa-
tion. Results showed that MEA provided the highest separation
efficiency.

Additionally, some modeling efforts have been conducted for both
fully dry and fully wetted membrane conditions to evaluate the effect of
membrane wettability on performance [29-32]. However, only a
limited number of studies have examined different degrees of membrane
wetting, and these were typically conducted using a physical absorbent,
a single chemical absorbent, or several absorbents from the same group
with similar reaction rates. The effect of absorbent type during different
stages of membrane wetting has not been investigated.

This paper investigates the impact of membrane wetting, which de-
pends on the membrane’s physical and chemical properties, on the
performance of hollow fiber membrane contactors used for CO4 sepa-
ration from natural gas, using numerical analysis in COMSOL Multi-
physics. The effects of absorbent type and membrane wetting are
investigated for MEA, piperazine (PZ), and triethanolamine (TEA). In
partially or fully wetted membranes, the absorbent fills the voids,
enabling chemical reactions between the absorbent and CO, within the
membrane structure. In contrast, in non-wetted membranes, chemical
reactions occur only at the interface between the membrane and the
absorbent phase.

2. Formulation of numerical predictions

Fig. 1 illustrates a hollow fiber membrane contactor system designed
to separate carbon dioxide from sour natural gas. The system has a shell
and a bundle of hollow fibers with walls made of PVDF, which act as the
membrane (separator). The fibers are arranged in parallel and uniform
boundary conditions are applied at the inlet, outlet, and lateral surfaces.
Therefore, a single fiber is simulated under the assumption that its
behavior is representative of the entire module. In this system, the gas
mixture passes through the shell, and the absorbent (liquid) circulates
through the tube in a counter-current configuration.

The system’s geometric parameters and the membranes’ physical
specifications are presented in Table 1.

Based on Happel’s free surface model [33], Fig. 2(b), we consider a
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Fig. 1. (a) Schematic of the hollow fiber contactor membrane stack for carbon dioxide separation from sour natural gas, and (b) the cross-sectional area of the hollow
fiber contactor membrane, approximated using the Happel model [33].

Table 1
System’s geometric parameters[34].

tube-tube system in which the radius of the outer tube is calculated
based on Happel’s model, as illustrated in Fig. 2. The wall of the inner

tube is a porous membrane that is located between the gas and absorber.

Geometric parameters Amount Unit Based on geometry symmetry, a two-dimensional symmetric math-
Length of module 250 [mm] ematical model is developed for carbon dioxide separation from
Outer diameter 830 [pm] methane using the COMSOL software and the finite element numerical
Inner diameter 450 [pm] solution method. In this model, mass transfer and fluid equations are
Quantity of fibers 10 [-1 . . .

Effective length 175 [mm] solved simultaneously. The membrane is modeled in dry and wet states,

CO, Molecule

o >
9

e
Gas Flow \. ©p

Direction e

the absorbent can occupy the membrane voids completely or partially.

Absorbent

Hollow Fiber
Membrane

(a) (b)

Fig. 2. (a) Membrane separation system for a wetted membrane and (b) two-dimensional representation of the contacting membrane and geometric parameters.
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To simplify the numerical analysis, the following assumptions have been
made:

e The membrane properties are considered uniform in all directions.

e Henry’s law describes the equilibrium between the liquid and gas
phases.

e The operating conditions of the process are assumed to be

isothermal.

The pores and voids of the membrane are uniform, and their density

on the membrane surface is the same.

e Fick’s law is employed for the diffusion and permeation of gas
through the membrane.

e The behavior of the incoming gas mixture into the membrane mod-
ule is considered ideal.

e The gas flow into the membrane module is assumed to be laminar,
fully developed, and steady.

e Membrane deformation and swelling effects were neglected in the
present simulations, assuming a rigid and dimensionally stable
membrane structure throughout the process.

3. Governing equations

Mass and momentum conservation equations are applied to repre-

sent this process. The conservation of mass for all components in all
membrane sections is [35]:
VO(—DiCi-i-Ciu)-&-%:Ri (€8]
In Eq. (1), the first term on the left-hand-side corresponds to the mass
transfer due to molecular diffusion, the second term represents
convective mass transfer, the third term represents mass accumulation,
and the term on the right-hand-side accounts for the reaction rates of the
components per unit time and space. In variable C; is the concentration
of each component, D; is the molecular diffusion coefficient of compo-
nents, u is the fluid velocity, and R; is the reaction rate of components in
each section.

3.1. Mass conservation equation in the shell

Considering that no reactions occur in the shell, a steady-state pro-
cess is assumed leading to a reduced general mass transfer Eq. (1) for
COzl

0°Cco, - shel 0Cco,—shell @

2
0"Coo,—shen | 1 9Cco,—shet —v
r or 022 el 5

Dco,-shett o

In Eq. (2), the Happel model with a free surface is used to analyze the
velocity distribution in the shell [33]. Various articles have utilized this
model to investigate the velocity distribution in the shell of hollow fiber
membrane contactors. However, the flow in this section does not
entirely conform to the Happel models. Nevertheless, based on the
studies that were conducted, e.g., [33], this model can accurately pre-
dict the velocity distribution in the outer tube. The velocity distribution
model for the free surface Happel in the shell is as follows [33]:

2
r.
Vz—shell =2u |:1 - <_2)
rs

where u is the average velocity in the shell, r3 is the radius of the free
surface, and ry is the outer radius of the fiber. These parameters are
illustrated in Fig. 2(b). The radius of the free surface is calculated based
on the following:

1 \12
r3 = (—1 — go) T2 @

(r/rs)* — (ra/13)* + 2In(ry /1)
3+ (ra/rs)t — 4(ry/rs)* + 4ln(ry/rs)

3

Separation and Purification Technology 379 (2025) 134901

Equation (5) is used to calculate void volume inside the module (¢) in
the hollow fiber membrane:

_m

1=o=%

(5)
where R represents the inner radius of the module, and n represents the
number of fibers.

For wetted membranes, the absorbent fills the membrane voids;
therefore, mass transfer equations differ depending on membrane type
and degree of wetting. In Fig. 2, the membrane is completely wetted,
also known as flooded, with the absorbent occupying all voids in the
membrane. Fig. 3, by contrast, illustrates a partially wetted membrane.

3.2. Mass conservation equation in the membrane

As surface tension decreases, the absorbent can penetrate the mem-
brane pores. Therefore, the membrane can have dry and wet sections. In
the wetted section, only the absorbent fills the porosity of the mem-
brane, and in the dry section, the pores are filled with gas, and then the
mass conservation equation in dry and wet sections must be considered
separately. In practical applications of membrane absorption, pore
wetting does not occur uniformly; larger pores tend to become wetted
first, followed by smaller ones as liquid pressure increases. In this model,
however, the wetting process is not explicitly simulated. Instead, it is
assumed that all membrane pores become fully wetted at a specific time,
and the effect of this fully wetted condition on membrane performance is
then analyzed.

3.2.1. Non-wetting side
Assuming the pores are gas-filled, the dry section of the membrane is
considered to consist solely of the gas phase. As shown in Fig. 3, the
membrane thickness is assumed to be filled with gas equal to Ryyy.
Therefore, the mass conservation equation in this section (Ryet < r < ra-
Ruwet) are as follows:
Cigm 10Cigm 0°Cigm

Dicg-m P 0z2 =0 ©)

and the following boundary conditions are applied:

Cco,-1-

CCOZ—g—m =——2" at T = Ryer
Mco, )]
Ccoy—g-m = Cco,—shell at Ir=r,
Feed gas
Rwel Rchy
»
+—>
Partial-wetting Membrane
Absorbent

Fig. 3. A two-dimensional schematic of a hollow fiber membrane contactor
with a partially wetted membrane.
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3.2.2. Wetting side

As illustrated in Fig. 3, it is assumed that a part of the membrane is
occupied by absorbent. Therefore, the equation for this membrane sec-
tion must be solved for gas permeation into MEA, incorporating the
reaction term into the equation. The mass transfer process in the wetted
section in the membrane (r3 < r < ry-r3) relies on solution-diffusion,
where a reaction occurs after gas permeation into the absorbent that
has occupied the membrane pores.

D 0°Ci-co,-m 1 0Ci_co,-m 9Ci-cop-m
] P

+Ri_co,-m =0 8

Considering that the reaction is volumetric and occurs within the porous
section of the membrane, the reaction rate is defined as follows:

Ri—COZ—m = Ri X € (9)
where ¢ represents the porosity of the membrane.
The boundary conditions are as follows:

at r=rn
at 1= Ryet

Cco,-1-m = Cco,-tube

10
Cco,-1-m = Ccopm X My a0
where m; is determined based on Henry’s law as solubility of CO,
absorbent.

3.3. Mass conservation equation in the tube side

In the tube section, a portion of the unreacted carbon dioxide from
the wetted membrane region diffuses into the tube and reacts with the
absorbent along the membrane length. The mass transfer equation for
CO4 in the tube, considering the effects of convective transport, mo-
lecular diffusion, and chemical reaction, is defined as follows:

9*Cao, ape , 1 9Cco, wpe , 9*Coo, ue
or? r or 02>

Dco,—tupe
1)

9Cco,—tube
= Z*ﬂ&é“‘ii?“f

+ Ri_co,—tube
where Ccoa-tube; Dco2-tubes and Rcoa-tube are the CO5 concentration in
tube side, the diffusion coefficient of CO5 in the absorbent, and the re-
action rate of CO5 with the absorbent, respectively.

V-tube is calculated based on the following equation:

2
r
Vi tube = 2v |:1 - (E)

where v is the average velocity on the tube side. The boundary condi-
tions in the tube side are:

(12)

Ccoy—tbe = 0 at z=0

Cco,-1-m = Cco,—tube at r=n

9Cc0,-ube _ ) at  r—0 (13)
or

Dcormm% =0 at z=1L

3.4. Chemical reaction of carbon dioxide with various absorbents

Three reactions occur for the reaction of CO; in aqueous solutions.
One of them is related to the hydration of CO; as follows,

CO, +H,0 < HCO; +H" k = 0.02657 (T = 25°C) 14)

Due to its reaction rate constant being insignificant, this reaction is
usually neglected [36].

Another reaction is producing bicarbonate according to the
following reaction:
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CO, +OH™ « HCO; (15)

Carbon dioxide reacts with a hydroxyl ion. The reaction is fast, but it
requires hydroxyl ions.

The bicarbonate production reaction is represented by Equation
(15), which is a relatively fast reaction [36]. This reaction is considered
for all absorbents. Therefore, the overall reaction rate equation for each
absorbent is:

Toverall = T'CO,—absorbent + T'co,—OH- (16)

Table 2 presents the reaction rate of carbon dioxide with various ab-
sorbents and the formation of bicarbonates. The reaction rate of carbon
dioxide with hydroxyl ions is very low compared to other reactions.

The required data for solving the momentum conservation equation
in COMSOL include the density and viscosity of the fluids. Since pressure
variations along the membrane are insignificant, and the model assumes
isothermal conditions, absorbent’s physical properties are assumed
constant (Table 3).

The required data for solving the mass transfer equation includes the
mass transfer coefficient and Henry’s law constant. Considering
isothermal conditions, these values are assumed constant as presented in
Table 4.

3.5. Penetration pressure

In the gas-liquid hollow fiber membrane contactor process, the dry
mode occurs when the membrane pores are filled with gas, the gas
separation efficiency is higher than when it is filled with liquid (wet
mode) because gas passes through the membrane in the dry mode faster
than in the wet mode. Therefore, it is better to avoid wetting of the
membrane, which is the function of pressure difference between liquid
in tube and gas in the pores of the membrane. For a dry membrane, the
pressure difference needs to be lower than the liquid penetration pres-
sure. Penetration pressure [43] is calculated with the following
equation:

_ —2o0cost

AP = a7

»

where P, o, 6, and r;, represent penetration pressure in MPa, liquid’s
surface tension in N/m, contact angle (degree) between the fluid and the
pore of the membrane, and the membrane pore radius in meter,
respectively. The values of ¢ and 6 for water and a PVDF membrane are
72.8 mN/m and 100°, respectively. Therefore, based on Equation (17),
the wetting pressure for this membrane is 0.126 MPa. The amounts of &
and 6 between 2 M MEA solution and PVDF membrane are 67.3 mN/m
and 28.5° [44]. Based on Equation (17), P for a 2 M MEA solution and a
PVDF membrane is equal to 0.094 MPa. Hence, the possibility of wetting
the PVDF membrane with MEA is higher than for water.

There is no experimental data for TEA and PZ absorbents. Thus, it is
assumed that the possibility of TEA and PZ wetting the PVDF membrane
is equal to MEA, this assumption is used to investigate the effect of the
type of absorbent on the CO, separation efficiency. As aqueous solutions
are used to prevent water penetration in the membrane pore, the

Table 2
Reaction rates of carbon dioxide and different solutions as absorbent.
Absorbent Reaction Rate Reference
H™ 2895 36
° —(10"*%7777)Ceo, Conr- (361
PZ H; oN. 37
[CaHoN] —4.49 x 1012exp< _577T12> Cco,Cpz (571
2152
MEA [C,H;NO] ~(101°9-%7%)10-3Co, Cyma [38]
TEA [Ce¢H;5NO: 39
[CoH15NOs] —452x% 104exp< 7$> Ceo, Crea (391
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Table 3 4.1. Model validation
Properties of the absorbents.
Absorbent MEA PZ TEA As presented in Table 5, two different sets of experimental data are
— - used to validate the numerical predictions. Atchariyawut et al. [44]

Boiling Point [K] 443 416 608 1 d hvsical absorb f b ion b ¢

Density at 298 K [gecm~?] 1.01 1.10 112 employed water as a physical absorbent for CO, absorption by means o

Flash Point [K] 366 360 458 PVDF hollow fiber membrane contactors. A PVDF membrane is natu-

Molar Weight [gemol '] 61.08 86.13 149.19 rally hydrophobic. However, if the pressure difference between the

i —2 . . . .

Surface Tension at 298 K [ges "] 48.89 70.20 48.90 liquid and gas streams exceeds the wetting pressure, Equation (14), the
membrane will be wet. They conducted their experiment in the dry
mode by controlling different pressures between gas and liquid streams.

Table 4 The mass transfer flux of CO, through the membrane has been compared
Diffusion coefficient and Henry’s law constant for carbon dioxide in various with Atchariyawut et al.’s [44] experimental data in a dry mode in the
absorbents. membrane pores. As presented in Fig. 4, the numerical predictions for a

Parameter Value Reference PVDF membrane agree well with the previously published experimental

Doz shel 1.8 x 10°° [mPs ] [40] data.

Dcos—membrane DCO, — shell (e/7)[m2es 1] [41] The mass transfer flux of carbon dioxide through the membrane is

DMEA- tube 9.3 x 107 '° [m2es '] [42] calculated from Equation (19):

Dco2-MEA 1.51 x 102 [m2es 1]

Mco2-MEA 0.81 1000

. - Jco, = (Qin X Cin — X Coyt) X 27315 X - 19

DTEA_tube 7.11 x 10 10 [mzos 1] [43] CO, (Qm in Quut out) 22.4 < Tgu.s < S ( )

Dcoz-TEA 1.95 x 10° [m2es 1]

'SC°2’TEA g'gg X 10- [mes-1] (371 where Q;, and Quy are the inlet and outlet gas flow rates in the outer tube

DZZ;T:E 151 x 102 [m2es ] ) section, respectively. The variables C;, and C,y are the CO5 concentra-

m coz_pz 1.06 tions at the inlet and outlet of the outer tube, Ty is the gas temperature,

and S is the interface area between the gas and liquid. At low water
velocity, there is a small quantitative deviation between the model re-
sults and the experimental data.

Also, the numerical model and experimental results are compared for
MEA chemical absorbent. As illustrated in Fig. 5(a), the model results
align closely with the experimental data from Faiz and Al-Marzougqi [41]
for COy concentration along the outer tube for monoethanolamine
chemical absorbent. The maximum deviation between the predicted and

pressure difference between the gas and liquid phases is kept less than
zero in all tests.

4. Solution method

The transport of diluted species and laminar flow interfaces in
COMSOL are used to solve the momentum and mass conservation
equations within each region of the membrane contactor system, using
the numerical solution method parallel direct sparse solver (PARDISO).

This method is a high-performance solver that is the default direct solver .
in COMSOL Multiphysics for coupled PDEs. In this approach, the gov- — e Fr esem, Study
erning equations are discretized, forming a system of algebraic equa- == e Athaniyamuveral, G007 J
tions represented in matrix form as follows: i
FP—S ) 0.00024 —
- L
PARDISO, a direct solver, efficiently solves the linear system defined by Ng I
matrices F (coefficient matrix), S (known source terms), and P (variable ° =
matrix) for modeling CO, separation in hollow fiber membrane con- E’O.OOOZ -
tactors. Through LU factorization, PARDISO transforms F into a trian- E |
gular matrix, ensuring numerically stable and accurate solutions. Its LT'N |
efficiency relies on the sparse structure of F, with few non-zero elements, o
reducing memory usage and computational time. We validated the e i
solver’s accuracy by comparing results with experimental CO, removal 0.00016 =
data and multiphysics simulations of membrane-absorbent interactions,
achieving errors below 5 %. This approach enabled rapid sensitivity 5
analysis, assessing the impact of membrane wettability (20 %-60 %) and L
absorbent kinetics (MEA, PZ, TEA) on CO; separation performance 0.00012 PRI B | FITI
under realistic conditions, supporting optimization of industrial gas 1 L5 2 2.5 3
separation processes. Water Velocity (m/s)

Fig. 4. Comparison of predicted carbon dioxide flux with experimental data
[44] for membrane: PVDF, CO,:CH, = 20:80, gas flow rate is equal to
200 (mlemin1).

Table 5
Dimensions and properties of the membrane module used for model validation.
Module Type  Fiber Outer Diameter Fiber Inner Diameter Membrane Tortuosity = Number of Fiber = Module Length Reference
(mm) (mm) Porosity (cm)
PVDF 0.3 0.22 0.40 2 3600 22 [41]
PVDF 1.0 0.65 0.75 4 35 27 [44]
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4~ —e—— Present Study
| ---©---- Faiz and Al-Marzuqi (2009) 7
35—
o |
£ or
g [
~ 25
=
2 i
=
£ 0
] L
5
: 1.5 [—
(=]
Q, B
o 1r
S} L
05—
0 —
I I I I L I I
0 0.2 0.4 0.6 0.8 1
Dimensionless Membrane Length, Z/L (-)
(a)
—&—— Present Study
24— ---4---- Yanetal. (2007)

&}
[N
I

CO, Flux (mol/m’h)
N
[

=
I

| ! | | | |
0.02 0.04 0.06 0.08 0.1

Liquid Velocity (m/s)

(b)

Fig. 5. (a) A comparison of the model and experimental data from [41] for the
carbon dioxide concentration along the membrane at Vg, = 3.33 mes ™!, Vyra
= 0.67 mes ™!, Cypa = 1000 molem 3, gas feed: Ccoy inlet = 4 molem > and (b)
Comparison between the modeled flux of CO5 absorption and the experimental
data of Yan et al. [45] (Vgas = 2.11 mes™'; Tyys = 298 K, CO, volume fraction in
feed gas is 14 %).

experimental values is less than 5 %, with the normalized root mean
square error (nRMSE) calculated at 2.82 %. To ensure the accuracy of
the model, the experimental data reported by Yan et al. [45] for COy
absorption using MEA were simulated. The comparison between the
model predictions and the experimental data is illustrated in Fig. 5(b).
The model demonstrates good agreement with the experimental results
for the prescribed conditions. This demonstrates the reliability of the
model in predicting CO2 concentration. The specifications of the hollow
fiber membrane from the experimental data are presented in Table 5.

Separation and Purification Technology 379 (2025) 134901
5. Results and discussion
5.1. Effect of membrane wetting on CO_ separation efficiency

Carbon dioxide removal efficiency was investigated under three
membrane conditions: dry, 20 % wetted, and 60 % wetted. These sce-
narios were selected to analyze the impact of the membrane’s physical
and chemical conditions of absorbent on the process performance. As
illustrated in Fig. 6, using MEA as the absorbent, the dry membrane
achieves 100 % CO, removal across all tested gas velocities, indicating
optimal performance under dry conditions. However, when the mem-
brane is partially wetted—specifically at 20 % of its width—the effi-
ciency of CO, removal significantly declines.

Table 6 presents the percentage reduction in CO, separation effi-
ciency compared to the dry membrane across different gas velocities and
wetting degrees. At the lowest investigated gas velocity, 20 % mem-
brane wetting leads to only an 11 % reduction in performance. In
contrast, at the highest gas velocity of 3.3 m/s, the efficiency decreases
dramatically by 67 %. This trend suggests that under high-flow condi-
tions, partial wetting considerably impairs membrane performance.
When the wetting ratio is increased to 60 % of the membrane width, the
separation efficiency further declines by approximately 70 %, even at
low gas velocities.

5.2. Explanation of performance Degradation in wetted membranes

The significant reduction in separation efficiency under wetted
conditions can be attributed to changes in the mass transfer mechanisms
within the membrane. In a dry membrane, the pores are filled with gas,
and the dominant resistance is related to the diffusion of CO, through
the pores toward the absorbent interface, where the reaction occurs
efficiently.

In contrast, in wetted membranes, the pores are occupied by liquid
absorbent. This drastically increases the mass transfer resistance
because CO5 must now diffuse through a liquid phase with a much lower
diffusion coefficient than gas. As a result, the transfer rate of COs is
reduced, leading to lower absorption efficiency.

Fig. 7 demonstrates the CO, concentration profiles along the mem-
brane for both dry and 20 % wetted cases. The gradient of COy con-
centration across the membrane is noticeably steeper in the wetted case,
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Fig. 6. Gas velocity effect on the carbon dioxide separation efficiency along the
membrane in dry and wetted membranes at Vs = 0.67 mes !, Cyra = 1000

molem ™3, gas feed: Cgoy inlet = 4 molem 3,
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Table 6
Percentage decrease in carbon dioxide removal efficiency in the wet mode
compared to the dry membrane at different gas velocities.

Velocity (mes™!) Wetting
20 % 30 % 40 % 60 %
0.75 11.082 19.630 28.501 69.501
1.25 30.784 37.875 43.391 76.391
2.00 50.623 57.926 63.224 84.226
2.50 58.845 67.066 74.294 87.302
3.33 67.396 77.648 84.519 91.632

indicating slower transport and increased accumulation near the mem-
brane surface. As time progresses, the membrane pores become satu-
rated with absorbent, further increasing resistance and reducing
efficiency.

Cco2 (molmg)

4

3.5

w
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0.5
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5.3. Absorbent behavior and concentration dynamics in wetted regions

In addition to the increased mass transfer resistance, changes in the
absorbent concentration also contribute to the reduced separation effi-
ciency in wetted membranes. Fig. 8 presents contour plots of MEA
concentration within both the membrane and tube regions under wetted
conditions. Although theoretically, a wetted or partially wetted mem-
brane could offer better contact between CO» and the absorbent, prac-
tical limitations arise.

As COq reacts with the MEA inside the membrane pores, the local
absorbent concentration diminishes. Without the continuous replace-
ment of fresh MEA or effective removal of reaction products, the system
transitions into a solution-diffusion regime, which is far less efficient. In
contrast, the dry membrane benefits from a continuous supply of fresh
absorbent at the gas-liquid interface and rapid removal of the reaction
product, maintaining high reaction rates and efficiency.

Cco2 (mol~m‘3)

4
3.5
2.5
1.5
0.5
(b)

W

[\

—

Fig. 7. Carbon dioxide concentration (molem~2) profile in three sections: shell, membrane, and pipe for (a) dry mode and (b) membrane with 20 % wetting at Viga
= 0.67 mes ', Cypa = 1000 molem 3, gas feed: Ccop inlet = 4 molem . (Horizontal axis is the width and the vertical axis is the length.).
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Fig. 8. (a) Absorbent concentration (x1000) profile in the tube region for the dry membrane case and (b) Absorbent concentration (x1000) variations in the wetted
regions of the membrane and the tube at Vygs = 0.67 mes™*, Cya = 1000 molem 3, gas feed: Ccoy inlet = 4 molem 3. (Horizontal axis is the width and the vertical

axis is the length.).
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This comparison confirms that a dry membrane not only minimizes
resistance but also ensures better absorbent utilization, explaining its
superior performance across all tested conditions.

5.4. Effects of gas velocity on the CO2 concentration along the membrane

As illustrated in Fig. 9, a dry membrane’s carbon dioxide removal
efficiency is remarkably higher than when the membrane is wetted. The
changes in carbon dioxide concentration in a dry membrane decrease
sharply at all gas velocities. This is in contrast to the wetted membrane,
although only 20 % of the membrane is considered wetted, the mass
transfer resistance of carbon dioxide in the membrane substantially in-
creases. Initially, a significant portion of the gas permeates the mem-
brane and undergoes a reaction with the absorbent. However, due to the
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Fig. 9. The effect of gas velocity on the carbon dioxide concentration along the

membrane for (a) a dry membrane and (b) a membrane with 20 % wetting at

Vmea = 0.67 mes ™), Cypa = 1000 molem ™3, gas feed: Ccop inlet = 4 molem 2.
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limited absorbent within the membrane pores, the mass transfer
mechanism shifts, leading to a significant increase in mass transfer
resistance.

For an increase in gas velocity, the concentration difference between
the outer tube and membrane sections increases, however, the mass
transfer resistance intensifies due to the absorbent permeating into the
membrane. Therefore, features such as the limited solubility of carbon
dioxide in the absorbent and the low diffusion coefficient of carbon di-
oxide in the absorbent cause the removal efficiency to sharply decrease
with increasing gas phase velocity. In contrast, at a distance of 0.15 m
from the length of the membrane contactor for the dry membrane, as the
gas flow velocity increases from 0.75 to 3.3 m/s, only a 7 % decrease in
carbon dioxide removal efficiency is predicted. Therefore, the presented
results indicate that membrane wetting considerably impacts gas
removal efficiency, even at low wetting percentages of the membrane.

5.5. Effects of liquid velocity on COz concentration along the membrane

Mass transfer resistance of the absorbent is an important parameter
pertaining to separating carbon dioxide in membrane contactors.
Increasing liquid velocity is one method to reduce mass transfer resis-
tance in fluids. Convection mass transfer is increased by increasing fluid
velocity, which causes a decrease in the mass transfer resistance. In a
completely dry membrane, as illustrated in Fig. 10 for an absorbent
velocity is 0.33 m/s, the carbon dioxide concentration only decreases
sharply in the initial 40 % of the membrane length. However, as it ap-
proaches the outlet, the slope of the changes in carbon dioxide con-
centration diminishes. This could be attributed to 1) the reduction in
carbon dioxide concentration within the shell, resulting in a decrease in
the concentration gradient between the shell and tube sections, and 2)
the decrease in the available absorbent concentration for reacting with
carbon dioxide in the 60 % end of the membrane.

As absorbent velocity increases from 0.33 to 1.2 m/s, carbon dioxide
is wholly separated in 60 % of the initial membrane length. However,
with an increase in absorbent velocity from 1.2 to 2.7 m/s, the effect of
absorbent velocity on changes in carbon dioxide concentration becomes
insignificant. This implies that when the absorbent velocity is equal to
1.2 m/s, the speed of the absorbent is no longer the controlling factor of
mass transfer resistance, and other resistances within the system are
primary. In contrast, for a membrane with 20 % wetting, the results
differ significantly from a completely dry membrane. As illustrated in
Fig. 10, the carbon dioxide concentration along the membrane does not
alter significantly with changes in absorbent velocity.

As illustrated in Fig. 11, the efficiency is 100 % for a dry membrane
at all investigated absorbent velocities. According to Fig. 11, only the
required membrane length changes to achieve 100 % efficiency. How-
ever, for a membrane with 20 % wetting at all investigated velocities,
the efficiency is less than 40 %. As the velocity increases from 0.33 to
1.2 m/s, only 5 % improvement in carbon dioxide separation efficiency
is achieved. No significant change in efficiency with an increase in ve-
locity from 1.2 to 2.7 m/s. This result indicates that the primary resis-
tance within the wetted membrane is the wetting itself, which
significantly reduces mass transfer as the membrane pores become
occupied by absorbent.

5.6. Effect of absorbent type on CO2 removal efficiency in wetted and dry
membranes

Numerical predictions for two absorbents, PZ and TEA, are presented
in this section. As presented in Table 3, the reaction rate of PZ with
carbon dioxide is significantly greater than that of the other absorbents,
and the reaction rate of TEA with carbon dioxide is the lowest among all
absorbents. However, for a dry membrane the absorbent type is not
critical, and the removal efficiency is close to 100 % for all predicted
flow rates for the three absorbents (Fig. 12).

The results predict that the absorbent type is important for wetted
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Fig. 10. Liquid velocity effect on carbon dioxide concentration along the
membrane for (a) a dry membrane and (b) a membrane with 20 % wetting at

Vgas = 0.33 mes ™!, Cypa = 1000 molem 3, gas feed: Ccoy inlet = 4 molem >,

membranes. Using the PZ absorbent (even with a 20 % wetted mem-
brane), the removal efficiency achieves close to 100 % for gas flow rates
ranging from 0.75 to 1.2 m/s. This is due to the significantly higher
reaction rate of PZ with carbon dioxide compared to the other absor-
bents. The reaction rate of PZ is 500 times greater than that of MEA and
1000 times greater than that of TEA with carbon dioxide. Consequently,
even though the membrane is filled with liquid PZ absorbent, the re-
action rate and the quantity of moles of CO involved in the reaction are
considerable. At low gas flow rates, there is a balance between the ox-
ygen diffusing into the membrane and the reaction rate of CO, with the
absorbent. Therefore, any carbon dioxide entering the membrane pores
reacts under steady-state conditions. However, as the gas velocity in-
creases, due to the increased gas transfer rate to the membrane and the
saturation of the absorbent inside the membrane pores, all the carbon
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Fig. 11. Carbon dioxide removal efficiency with liquid velocity for dry and 20
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dioxide permeates into the membrane, unable to be dissolved and
reacted by the absorbent. The increase in gas velocity significantly re-
duces the removal efficiency.

For the TEA absorbent, since the reaction rate is significantly lower
than the other two absorbents, even at low gas flow rates, the removal
efficiency decreases considerably compared with the dried membrane
(Fig. 12). In high gas flow rates and 60 % wetting of the membrane, the
removal efficiency reduces to less than 5 %.

As illustrated in Fig. 13, the efficiency is equal to 100 % for a dry
membrane for all investigated absorbent velocities. However, for a
membrane with 20 % wetting at all investigated velocities, the efficiency
is approximately 60 %, which is higher than for the MEA absorbent. For
an increase in velocity from 0.33 to 1.2 m/s, only about 10 %
improvement in carbon dioxide separation efficiency is achieved.
Furthermore, similar to an MEA absorbent, no significant change in ef-
ficiency is predicted for an increase in velocity from 1.2 to 2.7 m/s.
Similar results indicate that the primary resistance within the wetted
membrane is the wetting itself, which significantly reduces mass transfer
as the membrane pores become occupied by absorbent.

Fig. 14 illustrates the predicted CO5 removal efficiency (%) over time
(in days) using different absorbents, including water, 2 M MEA, 2 M
TEA, and 2 M PZ, for constant absorbent and gas velocities of 0.33 m/s.
To clearly present the asymptotic behavior of extended time durations, a
break is introduced in the X-axis after day 40. Beyond this break, the axis
is labeled as “t”, representing an arbitrary time greater than 40 days.
This notation emphasizes the long-term trend without specifying an
exact value, allowing for a generalized view of the asymptotic behavior
of the system.

Based on reverse engineering using experimental data, it determined
that a 43 % reduction in CO, flux after 15 days corresponds to
approximately 15 % membrane wetting. Assuming a linear increase in
wetting, the membrane is predicted to reach 60 % wetting after
approximately 60 days. At this level of wetting, the CO, removal effi-
ciencies for 2 M MEA, 2 M TEA, and 2 M PZ are 13 %, 12 %, and 21.5 %,
respectively, demonstrating the superior performance of PZ due to its
faster reaction kinetics with CO,. These findings emphasize the critical
impact of progressive membrane wetting on long-term CO, separation
performance and offer guidance for absorbent selection in industrial
applications.

Atchariyawut et al. [44] conducted long-term experiments using
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Fig. 12. Effect of chemical absorbent type on carbon dioxide removal effi-
ciency at different gas flow rates for (a) TEA and (b) PZ absorbents at Vijquiq =
0.67 mes™!, Cypa = 1000 molem ™3, gas feed: Ccop inlet = 4 molem 3.

both water and 2 M MEA as absorbents and observed distinct trends in
membrane wetting and CO5 flux. Their results showed that for pure
water, PVDF hydrophobic membranes exhibited no significant wetting
over 15 days. In contrast, for 2 M MEA, the CO; flux decreased due to
increased membrane wetting. Specifically, they reported approximately
15 % and 43 % reductions in CO flux after 3 and 15 days, respectively
[44], supporting the modeling assumptions of the present study.
Although the CO5 removal efficiency using chemical absorbent de-
creases with time, it is more than when using water as an absorbent. If
the membrane is wet with water after “t” time, the CO, removal effi-
ciency will decrease, as shown in Table 7. As it can see after 10 %
wetting the membrane with water, the CO removal efficiency is close to
zero. We have to consider that with increasing wetting at high gas ve-
locity, the efficiency is not economical, and it is better to work at the
high-pressure difference between gas and liquid streams, which is
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Table 7
The CO, removal efficiency by water as the absorbent.

Water
CO, Removal Efficiency

Gas Velocity (m/s) Dry Mode 20 % Wetting Mode
0.75 1.865 0.868
1.25 1.363 0.522
2.00 1.028 0.327
2.50 0.899 0.261
3.33 0.761 0.198
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considerably lower than penetrating pressure.
6. Conclusions

In this paper, the effects of wetting of membrane on the CO, sepa-
ration performance were investigated. The results show that:

1. When the membrane was 20 % wetted using MEA as the absorbent,
there was only an 11 % decrease in CO removal efficiency compared
to a dry membrane. However, when the gas velocity increased to 3.3
m/s, the efficiency dropped to 67 %, indicating that the membrane
did not maintain sufficient separation performance for these condi-
tions. As the membrane wetting increased to 60 %, the efficiency
further declined—reaching approximately 30 % at the lowest
examined gas velocity and falling below 10 % at the highest velocity.
These results suggested that such a degree of wetting caused the
process to be economically unviable.

. Membrane wettability negatively affected the performance of hollow
fiber membrane contactors in the CO, gas separation process. The
results predicted that with 20 % wetting of the membrane, the effi-
ciency of CO5 separation was reduced significantly.

. Typically, the type of absorbent could significantly influence the
removal efficiency. However, in our specific conditions, in the case of
dried membranes, the chemical reaction between the absorbent and
the permeated gas was extremely fast compared to the gas flow rate.
As aresult, the absorbent surface sites were not a limiting factor, and
near-complete removal (~100 %) was predicted with all three types
of chemical absorbents tested.

. In the case of wetted membranes, the absorbent type was essential,
and it had a remarkable impact on the efficiency. The reaction rate
between CO, and absorbent was important. The reaction rate of PZ
was higher than other absorption and reaction rate of TEA was lower.
The results predicted that in the case of wetted membranes, the
lowest efficiency was reached with TEA, and the highest was reached
with PZ.

It can be concluded that over time, most membranes exhibited
minimal wettability. Therefore, the type of absorbent in the separation
process was a critical parameter, and optimizing the process conditions
when a portion of the membrane was wetted is significant.

To strengthen the practical relevance of this study, future work will
focus on conducting experimental validation of the numerical pre-
dictions. This will include testing membrane performance for varying
degrees of wettability and gas velocities using different chemical ab-
sorbents. Such experimental studies will confirm the reliability of the
model and provide further insights into the operational feasibility and
optimization of hollow fiber membrane contactors for CO5 Separation in
real-world applications.
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