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Abstract 
In this study, polysulfone (PSF) flat membrane prepared via non-solvent phase 
inversion method was employed in gas-liquid membrane contactor module to absorb 
CO2. Two polymer concentrations of 16 wt% and 18 wt% were used in the dope solution 
of fabricated membranes. The membranes were characterized in terms of 
morphological structure and contact angle. Scanning electron microscopy (SEM) 
analysis demonstrated that PSF membrane with polymer concentration of 16 wt% in the 
dope solution has a porous layer with a combination of finger-like, sponge-like and 
macrovoid structures, but the other membrane has a sponge-like structure. Also, 
characterization results through atomic force microscopy (AFM) and contact angle 
measurement demonstrated that the porosity, surface roughness and hydrophobicity of 
the PSF membranes decreased with an increase in polymer concentration. Evaluation 
of mass transfer resistance displayed that the resistance of the PSF membrane with 
polymer concentration of 18wt% in the dope solution is higher than that of the other 
membrane. In addition, decreasing the polymer concentration significantly improved 
CO2 absorption flux. At the absorbent flow rate of 9.7 ml/min, the CO2 absorption flux 
of PSF membrane with 16 wt% polymer concentration was 2.17 times higher than the 
absorption flux of the PSF with 18 wt% polymer concentration. 
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1. Introduction∗ 
Over recent decades, there has been an 
increase of greenhouse gases concentration in 
the atmosphere due to the growth of human 
activities. The largest source of greenhouse 
gas emissions comes from burning fossil 
fuels such as coal, fuel oil and natural gas for 
electricity production in thermal power plants 
as well as heat generation in industrial, 
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commercial and residential sectors. Other 
fundamental sources of greenhouse gas 
generation are petroleum processing and use 
of petroleum based fossil fuels such as 
gasoline and diesel in transportation systems 
[1-3]. 
Some consequences of global warming, 
caused by emission of greenhouse gases to 
the atmosphere, could be environmental 
hazards such as more droughts and floods, 
less ice and snow, more extreme weather 
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incidents and rising sea levels. Among 
greenhouse gases such as water vapor, 
carbon dioxide, methane, nitrous oxide, 
ozone and CFCs, CO2 is regarded as the most 
serious component considering its 
concentration in the atmosphere and its 
function   in  enhanced  greenhouse   effect 
[4, 5]. Therefore, it is essential to develop 
efficient separation processes to remove CO2 
from industrial off gas mixtures. 
Nowadays, molecular sieve based adsorption, 
cryogenic distillation systems, physical or 
chemical absorption and membrane 
applications are common approaches applied 
for CO2 removal [6-8]. The conventional 
processes extensively used in this field are 
CO2 capturing by absorption into aqueous 
solutions using gas/liquid contacting devices 
such as packed towers, bubble columns, 
venturi scrubbers and tray columns [9-11]. 
However, the most commercial one is packed 
column using alkanolamines as absorbent 
solutions. Some operational problems 
associated with these contacting devices such 
as flooding, channeling, entrainment, 
foaming and also some drawbacks such as 
large size, low specific gas-liquid interfacial 
area, high capital and operating cost restrict 
their applications [12]. 
Application of membrane-based gas 
separation is another technique for the 
recovery of CO2. Despite the development 
achieved by decreasing the thickness and 
increasing the selectivity of membranes used 
for this purpose, their low permeability and 
low mass transfer rate have limited their 
commercialization [13-15].Thus, by taking 
advantage of both membrane separation and 
gas-liquid absorption, a novel approach has 
recently emerged as membrane contactor to 

overcome the aforementioned problems. In 
this way, the role of the membrane is just a 
stationary interface between gas and liquid 
phases and offers no selectivity between the 
species of gas streams [16]. Hence, a 
membrane contactor serves as a modular 
system with high interfacial area per unit 
volume, easy scale-up with independent 
control of gas and liquid streams and high 
selectivity with high mass transfer flux 
provided by liquid absorbent [17, 18]. On the 
other hand, in addition to the gas phase and 
liquid phase mass transfer resistances, the 
membrane contactor module has the 
drawback of extra membrane mass transfer 
resistance, which reduces its performance. 
However, as the diffusivity of gas phase is 
higher than the liquid phase, completely gas-
filled membrane pores ensured by 
hydrophobic membranes with optimized pore 
size can minimize the membrane 
resistance[19-21]. 
Recently, CO2 removal using this technology 
has been extensively investigated by different 
membrane configurations, but most of them 
were devoted to hollow fiber membrane 
contactors [22-24] with a few exceptions of 
flat sheet ones [25-27]. Khaisri et al. [28] 
compared the performance of a gas 
absorption membrane system in both 
physical and chemical absorption studies 
using three common hydrophobic 
membranes including polytetrafluoroethylene 
(PTFE), polypropylene (PP) and 
polyvinylidene fluoride (PVDF). They found 
that the CO2 absorption performance can be 
ranked as PTFE > PVDF >PP. Although 
PTFE is regarded as the most hydrophobic 
membrane and displays good absorption 
performance, it is considerably expensive 
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which restricts its application. Lu et al. [29] 
evaluated CO2 absorption using amino-acid 
salt solution through PP hollow fiber 
membrane contactor. Their results 
demonstrated that the overall mass transfer 
coefficient with the composite solution is 
evidently higher than that of the single 
solution. Lv et al. [30] assessed the 
efficiency of super hydrophobic PP hollow 
fiber membrane contactors for CO2 
absorption with MEA solution. In addition to 
the membrane material, its structure is an 
important factor in the success of membrane 
contactor technology. Therefore, some 
researches have focused on the fabrication of 
new membranes with modified structures 
using other types of membrane materials 
such as polyetherimide and polysulfone [31, 
32]. They found that the structure of 
membrane depends on the phase inversion 
process where the fingerlike macrovoid in 
the membrane structure enhances the 
membrane porosity and reduces the 
membrane tortuosity. Simons et al. [33] 
investigated the separation of CO2 from CH4 
in two hollow fiber membrane contactors 
using PP and polyphenylene oxide (PPO) 
membranes and amine absorbent. They 
concluded that performance of PP 
membranes outperforms the performance of 
PPO membranes in terms of productivity and 
selectivity. Ghasem et al. fabricated 
polyethersulfone hollow fiber membranes 
with a good hydrophobicity for the 
separation of CO2 from a gas mixture using 
the membrane contactor module [34]. 
Polysulfone (PSF) membrane has been 
employed in different membrane separation 
processes and is a good candidate for 
membrane gas absorption due to its relatively 
strong hydrophobicity, good chemical 

resistance and high heat resistance. Rahbari 
et al. fabricated a PSF membrane with high 
permeability and low mass transfer resistance 
and applied it to CO2 absorption in a hollow 
fiber contactor[35].  
To the best of our knowledge, no research 
has been done on the absorption of CO2 using 
PSF flat sheet membrane contactors. Also, 
the effect of polymer concentration in the 
dope solution on the performance of PSF flat 
membrane contactors for CO2 absorption has 
not yet been reported in the literature. 
Therefore, the present work focuses on the 
CO2 absorption rates in the synthesized PSF 
flat sheet membranes using distilled water as 
absorbent. Also, the effects of liquid flow 
rates on CO2 absorption fluxes and the 
contribution of mass transfer resistance of 
separate phases in overall mass transfer 
resistance is investigated. 
 
2. Theory 
2-1. Mass transfer equations 
According to film theory, overall mass 
transfer in membrane contactor module has 
been considered as resistance in series model, 
which takes place in three steps including 
mass transfer from the bulk gas phase into 
membrane surface, mass transfer through the 
membrane pores and mass transfer from the 
membrane–liquid interface into bulk liquid 
phase. Fig. 1 shows schematically the 
concentration profile across the hydrophobic 
microporous membrane, and the following 
equation can be used to express CO2 flux 
(mol/m2.s) through a flat sheet membrane 
[36]: 
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allowed to mix for at least 8 h until the 
homogeneous polymer dope solutions were 
completely formed and then degassed at 
room temperature for 12 h. The polyester 
non-woven fabric with a thickness of about 
100 µm was attached to a clean glass plate, 
and the dope solution was then spread onto 
the polyester fabric using a casting knife. The 
precipitation bath for initiating the phase 
inversion contained distilled water, 0.1 wt% 
SDS and 2 wt% DMF. The prepared 
membranes were immediately immersed in 
the precipitation bath for 30 min and then 
washed. After that, the membranes were 
stored in water bath for at least 1 day to leach 
out the residual solvents and additives 
completely. Finally, in order to dry the 
membranes, two sheets of filter paper were 
placed on both sides of the fabricated 
membranes for 24 h at room temperature. 
 
3-3. Membrane characterizations 
3-3-1. SEM and AFM observation 
Surface and cross-section observation of 
fabricated flat membranes was carried out by 
scanning electron microscopy (SEM model: 
KYKY-EM3200) operating at 24 KV. The 
samples were coated with a gold layer before 
the surface scanning. Also, the membranes 
were fractured in liquid nitrogen for the 
cross-section microscopy.  
Atomic force microscopy (AFM model: 
Easyscan2 Flex) was used to determine the 
surface morphologies and the roughness of 
the PSF membranes. The scan size of 
5 5  was selected for imaging the 
membrane surfaces at atmospheric pressure. 
For each membrane, the reported roughness 
value is the average of roughness values of 
three scanned images. The mean roughness 

value (Sa) measured by an AFM is defined as 
[41]: 
 

1
| , |  (3)

 
where f(x,y) is the surface relative to the 
center plane, L and W are the surface 
dimensions. Based on the pore size 
distribution function (Fr) obtained by AFM 
data, the mean pore size of the membranes 
(rave) can be estimated through Eq. 4 [41]: 
 

 (4)

 
3-3-2. Measurement of membrane porosity 
and contact angle 
The volume of pores divided by the total 
membrane volume is defined as the 
membrane porosity (ε) which can be 
calculated by measuring the dry mass (mdry) 
and wet mass (mwet) of membranes and using 
Eq. 5 [42]: 
 

100 (5)

 
where ρP is the polymer density (1.25 g/cm3 
for polysulfone) and ρw is the water density. 
A simple method to determine the membrane 
ability for preventing the liquid phase 
penetration into membrane pores is contact 
angle measurement [43]. The sessile drop 
method was applied by a contact angle 
goniometer (Dataphysics OCA 15, Germany) 
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where QL is liquid volumetric flow rate 
(m3/s); Am is membrane mass transfer surface 
area (m2); Cil,out and Cil,in are CO2 

concentrations in the outlet and inlet liquid 
respectively (mol/m3). Two fabricated PSF 
membranes were separately placed in the 
contactor module and their results were 
compared. 
 
4. Results and discussions 
4-1. Characterization results of PSF mem-
branes 
The membranes were characterized in terms 
of mean pore size, porosity, roughness and 
water contact angle measurement. These 
results for both samples are listed in Table 1. 
The cross-section and surface SEM images 
of PSF flat sheet membranes with various 
polymer concentrations (samples PSF-16 and 
PSF-18) are shown in Fig. 3. As it is clear in 
Figs. 3a and 3c, PSF-16 membrane showed a 
thin skin layer and a porous supported layer 
with finger-like, sponge-like and macrovoid 
structures. This can be attributed to different 
starting conditions for phase separation at 
layers far from the surface in solvent-non 
solvent exchange. The membrane transport 
properties are dependent on both skin and 
support layers. This structure is expected to 
provide lower mass transfer resistance and 
higher gas permeability, favorable for gas 

absorption application. Also, the lower 
polymer concentration can be regarded as the 
other reason for the macrovoid formation in 
PSF-16 membrane due to faster precipitation 
in the phase inversion process [45]. In 
contrast, the PSF-18 membrane displayed a 
sponge-like structure due to the high polymer 
concentration which increased the viscosity 
of polymer, leading to a phase separation 
delay and the formation of smaller pore size. 
Kimmerle et al. reported that high viscosity 
of the polymer dopes generated the 
membranes with sponge-like structure [46]. 
According to Figs. 3b and 3d, it seems that 
by increasing the polymer concentration in 
the dope solution from 16 wt% to 18 wt%, 
the porosity and mean pore size of the 
membrane decreased which is also confirmed 
by the data represented in Table 1. 
The 3D AFM images of PSF-16 and PSF-18 
membranes were displayed in Fig. 4. In these 
pictures, the dark sections represent the 
depressions (membrane pores) and the bright 
ones are representatives of nodules. Besides, 
the roughness of the substrate is assigned to 
the height of the surface’s lumps [47]. It is 
obvious that there was a change in surface 
morphology of the membranes and the 
surface roughness of PSF-16 membrane was 
higher than that of PSF-18 membrane as 
presented in Table1. 

 
 
Table 1. Characteristics of fabricated PSF flat membranes. 

Membrane 
Mean Pore Size 

rave (nm) 
Porosity 

 (%) 
Roughness 

Sa (nm) 
Water Contact Angle 

 °  

PSF-16 155.46 69.64 14.26 73.5 

PSF-18 129.29 64.22 7.38 69.6 
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fabricated via phase inversion method.The 
CO2 absorption performance of membranes 
was investigated in a flat membrane 
contactor module. As the polymer 
concentration in the dope solution increased, 
the mean pore size, porosity and contact 
angle of the membrane decreased.The PSF-
16 membrane showed a combination of 
finger-like, sponge-like and macrovoid struc-
tures while the structure of PSF-18 
membrane was sponge-like. An increase in 
the liquid flow rate resulted in an increase of 
CO2 flux for both membranes. The CO2 
absorption flux of the PSF-16 membrane was 
higher than that of the PSF-18 membrane due 
to its higher porosity and hydrophobicity.On 
the other hand, the mass transfer resistance of 
the PSF-16 membrane was lower than that of 
the PSF-18 membrane. Therefore, it can be 
concluded that increasing the polymer 
concentration in the dope solution has a 
negative effect on the mass transfer flux of 
CO2. All of these results suggest that 
polysulfone is an appropriate material with 
the potential to fulfill the demands of carbon 
dioxide absorption and can be used in 
membrane contactor applications. 
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