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A B S T R A C T   

Conventional methods for improving the hydrophobicity of polypropylene (PP) membranes to 
prevent wetting phenomena require complex pretreatment procedures in order to activate the 
surface for enabling the reaction with fluorosilane (FS)-based materials. This study successfully 
prepared PP membrane contactors with enhanced hydrophobicity through a simple single-step 
dip-coating method using perfluoroether-grafted silanes for CO2 capture. The FS coating layer 
on the PP membrane surface was confirmed through ATR-FTIR spectroscopy, XPS, FE-SEM, and 
EDS. Furthermore, the evaluation of the CO2 absorption performance and long-term stability of 
the FS-coated PP membrane according to the variation of the gas flow rate (50, 100, 200, 400, and 
800 mL/min) confirmed the superior chemical stability and durability of our membranes to those 
of previously reported hydrophobic membranes. The as-prepared FS-coated PP membrane ex
pands the application scope of gas-liquid membrane contactors for CO2 capture from the flue gas 
of coal-fired power plants.   

1. Introduction 

The amount of anthropogenic CO2 emitted by fossil fuel combustion for energy production has increased by 6% annually [1,2]. 
Anthropogenic CO2 accounts for 80% of the total greenhouse gas emissions and is a significant cause of climate change and global 
warming [3]. Therefore, considerable efforts have been devoted to the development of CO2 capture technologies to reduce CO2 
emissions. In general, strategies designed to reduce CO2 emissions from fossil fuel combustion through CO2 capture can be divided into 
oxy-combustion, pre-combustion, and post-combustion separation processes. Post-combustion separation is practical because it can 
easily be applied to all combustion processes in existing power and industrial plants [4,5]. 

In conventional post-combustion separation processes, packed columns are typically used as reactors. However, industrial-scale 
reactors occupy a large area and are difficult to operate owing to several issues, including liquid channeling, flooding, and bubble 
formation [6]. In contrast, a hollow fiber membrane contactor (HFMC) is a hybrid technology that combines membrane separation and 
absorption and overcomes the above mentioned limitations of packed columns because the role of the membrane as a physical 
boundary enables sufficient contact between the gas and liquid phases for mass transfer without direct contact and complete mixing [4, 
7]. HFMCs have recently attracted appreciable attention because they can effectively reduce absorber size. Remarkably, the gas-liquid 
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interface area of an HFMC is 30 times larger than that of a conventional packed column, although using a membrane inevitably leads to 
additional mass-transfer resistance [8,9]. In addition, HFMCs have the advantage of being easily scalable owing to their modularity 
[10]. However, HFMCs are susceptible to wetting. The wetting of the membrane with solvents can induce mass-transfer resistance, 
which increases as the solvent gradually penetrates the membrane’s pores during long-term operation, thereby reducing the ab
sorption performance of the membrane [11,12]. Therefore, the ability of the membrane to resist wetting is a critical factor in the 
selection of the polymer material because it affects the lifetime of the HFMC system [13]. 

Increasing the hydrophobicity of a membrane is an invaluable method for reducing its wetting. Compared with other polymers, 
polypropylene (PP) has the advantages of improved hydrophobicity, high chemical stability, and good mechanical strength. In 
addition, PP has been widely used as a membrane material for HFMC particularly because of its low cost [14–17]. PP costs 36 times 
lower than polyvinylidene fluoride (PVDF), which possesses superior physical properties, thus making PP relatively advantageous for 
commercialization [18]. However, the inherent hydrophobicity of the PP membrane is insufficient to prevent its wetting during 
long-term operation [19]. Therefore, improving the hydrophobicity of the PP membrane to minimize or avoid its wetting with solvents 
is of utmost priority for the practical application of PP-based HFMCs in CO2 absorption. 

Although some attempts have been made to improve the hydrophobicity of PP membranes via surface treatment with a fluorosilane 
(FS)-based material [20,21] reported studies on improving the hydrophobicity of PP membranes through surface modification for CO2 
separation have been scarce. For the surface modification of PP, which contains abundant C–H bonds, it is essential first to replace the 
inactive C–H bonds with C–OH bonds to facilitate a reaction with an FS molecule [22]. Hydroxyl groups are appropriate reactive sites 
for immobilizing an FS on the membrane surface through a crosslinking reaction. Currently, the functionalization of the PP membrane 
surface with hydroxyl groups is mostly accomplished through physical (plasma or UV/ozone treatment) or chemical pretreatment 
processes (wet acid or alkali treatment) [22–24]. However, physical pretreatment requires special equipment, which incurs high initial 
installation and operating costs [25]. In contrast, chemical pretreatment could alter the physical properties of the membrane if the 
treatment conditions are inappropriate [26]. In addition, the chemical pretreatment process is complicated and time-consuming and 
generally requires two steps: 1) hydroxylation of the PP membrane surface and 2) subsequent reaction with an FS. Therefore, it would 
be advantageous to simplify the two-step process into a single one. In general, the surface coating process with FS-based materials, such 
as 1H,1H,2H,2H-perfluorodecyltriethoxysilane, 1H,1H,2H,2H-perfluorodecyltrimethoxysilane, and 1H,1H,2H, 2H-perfluorododecyl
trichlorosilane, requires a high-temperature curing process at 353.15 K or higher [22,27,28]. Therefore, the coating processes at high 
temperatures are unsuitable for PP membranes because of the decomposition issue (melting point of PP: 403.15 K) [29]. 

In this study, to improve the wetting resistance of the PP membrane-based HFMC in the CO2 capture process, the surface of the PP 
membrane was hydrophobized using perfluoroether-grafted silane in a single step without physical or chemical pretreatment. The 
selected FS was expected to be suitable for enhancing the hydrophobicity of the PP membrane surface because it could be cured at a 
relatively low temperature (298.15 K). After surface modification, the chemical structure of the FS-coated PP membrane surface was 
investigated by attenuated total reflection-Fourier transform infrared (ATR-FTIR) and X-ray photoelectron spectroscopy (XPS) to 
confirm the presence of the FS coating layer, which contains abundant C–F bonds, using a pristine PP membrane as the control. In 
addition, the surface morphology and chemical composition of the FS-coated PP membrane were evaluated using field-emission 
scanning electron microscopy (FE-SEM) and energy-dispersive X-ray spectroscopy (EDS). Furthermore, the CO2-absorption perfor
mances (CO2 removal efficiency and CO2 absorption flux) of pristine PP and FS-coated PP membranes were evaluated comparatively 
by applying them in a gas-liquid membrane contactor. Finally, the long-term stability of the FS-coated PP membrane was investigated 
and compared with those of other reported hydrophobic membranes. This study aimed to examine the characteristics of FS-coated PP 
HFMCs and the possibility of improving the wetting resistance of the membrane through membrane surface modification for CO2 
capture from coal-fired power plants. 

2. Experimental section 

2.1. Materials 

PP HFMCs were purchased from SepraTeck Co., Korea. Perfluoroether-grafted silane (KY-164, 20.0 wt%) used as the FS was ob
tained from Shin-Etsu Co., Japan. Hydrofluoroethers (HFE-7200, 99.0 wt%) were supplied by 3 M Deutschland GmbH, Germany. 
Monoethanolamine (MEA; 99.0 wt%) and ethanol (94.5%) were purchased from DAEJUNG Chemical and Metals Co., Ltd., Korea. CO2 
gas (15 vol%, N2 balance) was purchased from Korea Gas & Electric Technology Co., Ltd., Korea. 

Abbreviations 

PP polypropylene 
FS fluorosilane 
HFMC hollow fiber membrane contactor 
ATR-FTIR attenuated total reflection-Fourier transform infrared 
XPS X-ray photoelectron spectroscopy 
FE-SEM field-emission scanning electron microscopy 
EDS energy-dispersive X-ray spectroscopy  

K. Kim et al.                                                                                                                                                                                                            



Heliyon 9 (2023) e19829

3

2.2. Preparation of the FS-coated PP membrane 

2.2.1. Coating 
The preparation process of the hollow fiber FS-coated PP membrane is illustrated in Fig. 1. A dip-coating method was used for 

coating the membrane. The cleaned PP membrane was immersed for 1 h in 2 wt% KY-164 diluted with HFE-7200 at 298.15 K. In the 
case of the membrane contactor, the coating liquid was filled on the shell side, and the absorbent flowed. During immersion, PP and 
KY-164 adsorbed to the surface of the PP membrane because of hydrophobic interactions between their nonpolar alkyl groups [30]. 

2.2.2. Curing 
Next, the immersed membrane was removed and exposed to 80% relative humidity (RH) for 24 h at 298.15 K in an oven to allow 

the reaction shown in Fig. 1 to proceed. KY-164 was adsorbed on the membrane surface via hydrophobic interactions under sufficient 
moisture conditions. The R–OH molecules generated by the hydrolysis of KY-164 facilitated the binding of KY-164 to the PP membrane 
surface through hydrophobic interactions and hydrogen bonding. Subsequently, a crosslinking reaction occurred through dehydration 
and condensation reactions. Eventually, the KY-164 on the membrane cured into a stable form on the surface of the PP membrane. 

2.2.3. Washing and drying 
After the curing process, the modified surface of the PP membrane was washed twice with ethanol to remove unreacted materials 

and residual solvent. Finally, the modified PP membrane was dried in a vacuum oven at 328.15 K for 24 h. 

2.3. CO2 absorption mechanism of MEA used as the absorbent 

The absorption of CO2 by primary amines based on the zwitterion mechanism was first proposed by Caplow and reintroduced by 
Danckwerts [31,32]. When MEA, a primary amine, is reacted with CO2 to form a zwitterion, HOC2H4NH+

2 COO− (Eq. (1)), the zwit
terion is instantaneously deprotonated by a basic species (unreacted MEA, OH− , or H2O) present in the system to form a carbamate 
molecule (HOC2H4NHCOO− ), as shown in Eq. (2). 

CO2 +HOC2H4NH2 ↔ HOC2H4NH+
2 COO− (1)  

HOC2H4NH+
2 COO− +B ↔ HOC2H4NHCOO− + BH+ (2) 

The resulting carbamate can further react with water to form bicarbonate (HCO−
3 ), as shown in Eq. (3). Many factors, including the 

carbamate’s chemical stability, influence the reaction kinetics. In particular, the lower the basicity of the amine is, the faster the 
decomposition of the carbamate is. 

HOC2H4NHCOO− +H2O ↔ HOC2H4NH2 + HCO−
3 (3)  

Further, CO2 reacts with water to form bicarbonate (Eqs. (4)–(6)). Finally, the bicarbonate is converted to carbonate in the presence of 
a base capable of extracting H+ from it (Eq. (7)). At this time, the base may act as an amine molecule or a hydroxide ion; however, in 

Fig. 1. Schematic illustration of the preparation of FS-coated PP membranes.  
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the case of an amine, the reaction proceeds quickly. 

CO2 +H2O ↔ H2CO3 (4)  

CO2 +OH− ↔ HCO−
3 (5)  

H2CO3 +OH− ↔ HCO−
3 + H2O (6)  

HCO−
3 +B ↔ CO2−

3 + BH+ (7)  

2.4. Experimental apparatus and procedure of CO2 absorption 

Fig. 2 Shows a schematic of the CO2 absorption apparatus using the FS-coated PP HFMC. In absorption experiments, a 15% CO2/N2 
mixture was used as the feed gas to simulate the CO2 concentration in coal-fired power plant emissions [33]. The feed gas was 
introduced through the lumen side of the fibers of the membrane contactor, and the gas flow rate was adjusted using a mass-flow 
controller (GMC 1200, Atovac, Korea). The operating conditions of the CO2 absorption are given in Table 1. The CO2 concentra
tions of the inlet and outlet gases were measured at 1 min intervals using a CO2 gas analyzer (Multi Master, Sensoronic Co., Ltd., 
Korea). 

Details of the commercial membrane contactor used in the present study are provided in Table 2; 30 wt% MEA was used as the 
chemical absorbent. The absorbent was flown counter-currently through the shell side of the membrane contactor because the CO2 
absorption flux is higher in the counter-current flow than in the co-current flow [34]. To avoid channeling and dead zones, the 
absorbent was flown from the bottom to the top [35]. The absorption experiments were conducted at 313.15 K and were monitored 
using a temperature gauge installed at the inlet of the absorbent. A hotplate equipped with a magnetic stirrer was used to maintain the 
homogeneity and temperature of the absorbent. The absorbent was pumped through the shell side of the membrane contactor using a 
digital gear pump (5970-Optos, Eldex Laboratories, Inc., USA) to maintain a flow rate of 5 mL/min. It was recirculated back to the 
absorbent tank. The liquid-side pressure was set to be slightly higher than that of the gas side to avoid gas permeation to the liquid side. 
The membrane could be wet if the pressure on the liquid side exceeds the liquid entry pressure [36]. The CO2 removal efficiency and 
CO2 absorption flux were calculated using Eqs. (8) and (9), respectively [37,38]: 

Fig. 2. Schematic of the experimental apparatus used for CO2 absorption.  
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CO2removal efficiency (%)=
Qin × Cin − Qout × Cout

Qin × Cin
× 100 (8)  

CO2 absorption flux
(
mol

/
m2 × s

)
=
(Qin × Cin − Qout × Cout) × 273.15

0.0224 × Tg × S
(9)  

where Qin and Qout represent the inlet and outlet gas flow rates (m3/h), respectively; Cin and Cout are the concentrations of the inlet and 
outlet gases, respectively; Tg is the gas temperature (K); and S represents the gas-liquid mass-transfer area, which is equal to the 
effective membrane area (m2). 

2.5. Characterization methods 

The amounts of fluorine, carbon, and silicon in the coated hollow fiber membranes were quantitatively determined through XPS 
analysis (K-alpha, ThermoFisher, USA). The morphology and constituent elements of the surface and cross-section of the coated hollow 
fiber membrane were investigated using FE-SEM and EDS (S-4800, Hitachi High-Technologies, Japan). ATR-FTIR spectroscopy (FT/IR- 
4600, Jasco, Japan) was performed to evaluate the surface chemical composition of the coating layer. The FTIR spectrum recorded in 
the 450–4000 cm− 1 with a resolution of 4 cm− 1 was averaged over 16 scans. 

3. Results and discussion 

3.1. Characterization of the FS-coated PP membrane 

The surface chemical groups of the pristine PP and modified PP membranes were analyzed by ATR-FTIR spectroscopy. The ATR- 
FTIR spectra of the samples are shown in Fig. 3(A). The spectra of both samples exhibited the characteristic C–H stretching vibrations 
of PP at 2835–2950, 1455, and 1375 cm− 1. In particular, the peaks observed at 1455 and 1375 cm− 1 are attributable to the C–H 
vibrations of the –CH2 and –CH3 groups, respectively [23]. For the FS-coated PP membrane, the Si–O–Si asymmetric stretching vi
brations peak was observed at 1100 cm− 1, indicating that KY-164 was crosslinked through dehydration and condensation reactions 
during the curing process. The peak corresponding to C–F stretching vibrations from the perfluoropolyether unit of KY-164 appeared at 
1210 cm− 1. In addition, the stretching vibrations of –OH and C–O bonds were observed at 3290 and 1065 cm− 1, respectively. These 
peaks indicate that R–OH was generated during the curing process. 

XPS provides qualitative information on the chemical composition of the membrane surface before and after modification [39]. 
Therefore, the chemical compositions of the pristine PP and FS-coated PP membranes were compared through XPS analysis. As shown 
in Fig. 3(B), increased Si, F, and O signals were detected for the FS-coated PP membrane. The detailed contents of the different ele
ments in the pristine PP and FS-coated PP membranes are listed in Table 3. Thus, the ATR-FTIR and XPS spectra confirmed the 
successful formation of the FS-coated PP membrane, as illustrated in Fig. 1. The hydrophobicity of the PP membrane surface was 
enhanced by the fluorine groups in the FS coating layer, which are highly hydrophobic; this is expected to prevent the wetting of the 
membrane. 

Table 1 
Operating conditions of the polypropylene-based HFMC.  

Parameters Value Unit 

Absorbent 30 wt% MEA – 
CO2 concentration 15 % 
N2 concentration 85 % 
Gas flow rate (QG) 50, 100, 200, 400, and 800 mL/min 
Liquid flow rate (QL) 5 mL/min 
Temperature 313.15 K  

Table 2 
Specifications of the HFMC.  

Parameters Value Unit 

Fiber material Polypropylene – 
Housing material Acryl – 
Packing material Epoxy resin – 
Module length 190 mm 
Fiber: outer diameter 690 μm 
Fiber: inner diameter 500 μm 
Number of fibers 440 – 
Effective pore size 0.225 μm 
Surface area 0.2 m2  
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Fig. 3. (A) ATR-FTIR spectra and (B) XPS profiles of pristine PP and surface-modified PP membranes.  

Table 3 
Surface composition (atom.%) of pristine PP and surface-modified PP membranes.   

C 1s O 1s Si 2p F 1s 

Pristine PP 97.14% 1.57% 0.30% – 
FS-coated PP 52.59% 11.92% 1.51% 33.23%  
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The surface morphology of the modified PP membrane was observed using SEM. After modification, the shape of the hollow fibers 
of the PP membrane was maintained. However, the comparison of the structural features of the membrane before and after modifi
cation (Fig. 4(A) and (B)) confirmed that the inner diameter of the hollow fibers increased by approximately 71 μm. In comparison, the 
thickness of the hollow fiber wall increased by about 44 μm. Fig. 4(C) and (D) confirm that the size of the hollow fiber increased 
significantly after coating treatment. These results indicate that the hollow fiber PP membrane swelled during modification. Mem
brane swelling occurred because the FS-based coating liquid at the shell side permeated into the lumen side through the pores of the 
membrane, and the coating liquid was adsorbed and then cured on the surface of the PP membrane to form an FS layer. Consequently, 
the pores in the membrane increased, more because of the FS layer than the pristine PP (Fig. 4(E)), as shown in Fig. 4(F). In addition, 
EDS analysis (Fig. 4(G) and (H)) confirmed the formation of a thick fluorine-based coating on the shell side and the presence of a thin 
fluorinated layer on the lumen side. This result indicates that the coating liquid penetrated the membrane’s pores and was adsorbed 
onto the inner surface. This phenomenon occurs when the membrane substrate is hydrophobic and the viscosity of the coating liquid is 
low. According to the supplier, the kinematic viscosity of KY-164 is 1.2 mm2/s at 298.15 K, and the kinematic viscosity of HFE-7200 is 
0.33 mm2/s at 293.15 K [40]. Tai et al. reported that a coating liquid with low viscosity easily penetrates the pores and surface of the 
membrane, and the coating extends from the surface to the pores. In contrast, a high-viscosity coating solution does not penetrate the 
pores and is coated only on the surface [41]. Thus, overall, the shell side of the modified PP hollow fiber membrane and the pore and 
lumen sides were coated with the FS layer. The effect of swelling caused by surface modification on the CO2-absorption performance of 
the FS-coated PP hollow fiber membrane is discussed in Section 3.2. 

3.2. CO2 absorption performance 

3.2.1. Effect of gas flow rate on the CO2 removal efficiency and CO2 absorption flux 
Fig. 5 shows the effect of the gas flow rate on the CO2 removal efficiency and CO2 absorption flux for the pristine and FS-coated PP 

membranes. The operating conditions of the CO2 absorption experiments are provided in Table 1. As shown in Fig. 5(A), the CO2 
removal efficiencies of the systems using pristine PP and FS-coated PP membranes with 30 wt% MEA decreased from 100% to 51.4 and 
43.3% as the gas flow rate increased from 50 to 800 mL/min, respectively. In comparison, the CO2 absorption flux of the membranes 
increased from 2.55 to 21.01 and 17.70 × 10− 3 (mol/m2⋅s), respectively. As the gas flow rate increases, the CO2 absorption flux in
creases due to decreased gas-phase resistance [42]. 

However, the CO2 removal efficiency decreased because the residence time of the inlet gas in the membrane contactor was 
shortened, and the diffusivity of CO2 was reduced [38]. Interestingly, both the CO2 removal efficiency and CO2 absorption flux of the 

Fig. 4. Cross-sectional SEM images of pristine PP (A) and surface-modified PP (B) membranes. Plane-view SEM images of pristine PP (C, E) and 
modified PP membranes (D, F). EDS mapping images for the fluorine component (shown in yellow) on modified membranes (G, H). 
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FS-coated PP membrane with enhanced hydrophobicity decreased in relation to those of the pristine PP membrane. During the CO2 
removal process, the CO2-containing gas diffuses from the gas phase to the membrane surface. Then it passes through the membrane’s 
pores to form a uniform and fine bubbles, resulting in dissolution, diffusion, and chemical reactions in the absorbent (MEA in this 
study). However, the CO2 removal efficiency and CO2 absorption flux of the FS-coated PP were lower than those of pristine PP because 
the pore pathway was complicated owing to the hydrophobic FS coating layer, leading to an increase in mass-transfer resistance, as 
illustrated in Fig. 6. Lee and Park reported that the formation of an optimal hydrophobic coating layer is essential for avoiding 
interference with CO2 transport [42]. Although the fact that the resistance of the membrane phase increases with an increase in 
membrane thickness, in this study, the effect of increasing the membrane thickness was insignificant because the CO2 removal effi
ciency and absorption flux of the pristine PP and modified PP membranes were similar at gas flow rates of 50, 100, and 200 mL/min at 
a slow liquid flow rate of 5 mL/min, which is adequate to evaluate the effect of changing the membrane thickness. Table 4 summarizes 
the CO2 removal efficiency and absorption flux of the pristine PP and FS-coated PP membranes. 

3.2.2. Long-term CO2 absorption performance of the surface-modified PP membrane 
CO2 absorption experiments were conducted at the same CO2 absorption flux to investigate the long-term stability and wetting 

resistance of the pristine PP and FS-coated PP membranes using 30 wt% MEA as the absorbent (Fig. 7). In the case of pristine PP, the 
CO2 removal efficiency decreased rapidly after 10 days of the CO2 absorption experiment. The period over which a 90% removal rate 
was maintained for 11 days. Note that most CO2 capture processes are aimed at 90% CO2 removal efficiency from coal-fired power 
plants [35]. In contrast, in the case of the FS-coated PP, the CO2 removal efficiency gradually decreased from the 11th day onward, and 
90% removal efficiency was maintained for 17 days. These results indicate that the CO2 removal efficiency of the modified membrane 
system decreased gradually. The period with 90% CO2 removal efficiency was also extended because the FS coating layer increased the 
wetting resistance of the membrane. Therefore, these results confirm that the FS-coated PP possesses high chemical stability and 

Fig. 5. (A) CO2 removal efficiency and (B) CO2 absorption flux of the systems with pristine PP and modified PP membranes (absorbent: 30 wt% 
MEA; liquid flow rate: 5 mL/min). 

Fig. 6. Schematic of gas permeation through the pores of the FS-coated PP membrane during absorption experiments.  

K. Kim et al.                                                                                                                                                                                                            



Heliyon 9 (2023) e19829

9

durability, even under extreme operating conditions in contact with an MEA solution for a long time. 

3.2.3. Comparison of the long-term stabilities of the FS-coated PP membrane and other reported membranes 
The long-term stability of the FS-coated PP membrane was compared with those of recently reported hydrophobic membranes. As 

shown in Table 5, the membrane developed in this study exhibited long-term competitive stability even though these experiments were 
conducted under more severe conditions than those in the literature (concentration of absorbent: 30 wt% MEA, absorption temper
ature: 313.15 K, and liquid-to-gas ratio: 0.1 in this study). It is well known that the absorbent concentration or absorption temperature 
increases the wettability of the membrane [13]; therefore, the FS-coated PP membrane can effectively resist wetting in harsher 
conditions. Considering this, the results of this study suggest that FS-coated PP membranes can be directly applied in CO2 capture from 
the flue gas of coal-fired power plants. 

4. Conclusion 

This study reports a simple single-step dip-coating method to prepare a hollow PP fiber membrane contactor with enhanced hy
drophobicity using perfluoroether-grafted silane as the surface modifier for CO2 capture. The FS coating layer contained abundant C–F 
bonds, as revealed by the surface analysis (ATR-FTIR, XPS, and SEM/EDS). The enhanced hydrophobicity of the FS-coated PP 
membrane was confirmed by evaluating the CO2 absorption performance in a gas-liquid membrane contactor. The FS-coated PP 
membrane’s CO2 removal efficiency and CO2 absorption flux were comparable to those of pristine PP at gas flow rates of 50, 100, and 
200 mL/min. In terms of long-term stability, the FS-coated PP membrane maintained 90% CO2 removal efficiency for a significantly 
longer duration (55% increase in time) than the pristine PP membrane, which confirms its higher chemical stability and durability, 
even under extreme operating conditions in contact with a 30 wt% MEA solution for a long time. In addition, the FS-coated PP 
membrane exhibited greater long-term stability than previously reported hydrophobic membranes. The results of this study suggest 
that FS-coated PP membranes can be used directly to capture CO2 in the flue gas emitted from coal-fired power plants. Our future study 
will explore the effects of various operating conditions (such as liquid flow rate, liquid concentration, liquid temperature, feed gas 
composition) on CO2 absorption performance and membrane wetting using mathematical modeling. 

Table 4 
Summary of the CO2 removal efficiency and absorption flux of the pristine PP and FS-coated PP membranes.  

Membrane Gas flow rate (mL/min) CO2 removal efficiency (%) CO2 absorption flux × 103 (mol/m2⋅s) 

Pristine PP 50 100 2.55 
100 100 5.11 
200 100 10.22 
400 89.6 18.32 
800 51.4 21.01 

FS-coated PP 50 100 2.55 
100 100 5.11 
200 99.4 10.17 
400 70.2 14.35 
800 43.3 17.70  

Fig. 7. Long-term CO2-absorption performances of pristine PP and surface-modified PP membranes.  
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