
Citation: Guo, H.; Xu, W.; Wei, J.;

Ma, Y.; Qin, Z.; Dai, Z.; Deng, J.;

Deng, L. Effects of Porous Supports

in Thin-Film Composite Membranes

on CO2 Separation Performances.

Membranes 2023, 13, 359. https://

doi.org/10.3390/membranes13030359

Academic Editor: Scott M. Husson

Received: 1 March 2023

Revised: 13 March 2023

Accepted: 18 March 2023

Published: 21 March 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

membranes

Article

Effects of Porous Supports in Thin-Film Composite Membranes
on CO2 Separation Performances
Hongfang Guo 1,2,3,4,5, Wenqi Xu 6, Jing Wei 1,2,3,4, Yulei Ma 1,2,3,4, Zikang Qin 1,2,3,4, Zhongde Dai 1,2,3,4,*,
Jing Deng 7 and Liyuan Deng 6,*

1 College of Architecture and Environment, Sichuan University, Chengdu 610065, China
2 Carbon Neutral Technology Innovation Center of Sichuan, Chengdu 610065, China
3 National Engineering Research Centre for Flue Gas Desulfurization, Chengdu 610065, China
4 School of Carbon Neutrality Future Technology, Sichuan University, Chengdu 610065, China
5 Yibin Institute of Industrial Technology, Sichuan University, Yibin 644000, China
6 Department of Chemical Engineering, Norwegian University of Science and Technology (NTNU),

7491 Trondheim, Norway
7 ALTR FLTR Inc., Phoenix, AZ 85034, USA
* Correspondence: zhongde.dai@scu.edu.cn (Z.D.); deng@nt.ntnu.no (L.D.)

Abstract: Despite numerous publications on membrane materials and the fabrication of thin-film
composite (TFC) membranes for CO2 separation in recent decades, the effects of porous supports
on TFC membrane performance have rarely been reported, especially when humid conditions are
concerned. In this work, six commonly used porous supports were investigated to study their effects
on membrane morphology and the gas transport properties of TFC membranes. Two common
membrane materials, Pebax and poly(vinyl alcohol) (PVA), were employed as selective layers to
make sample membranes. The fabricated TFC membranes were tested under humid conditions,
and the effect of water vapor on gas permeation in the supports was studied. The experiments
showed that all membranes exhibited notably different performances under dry or humid conditions.
For polyacrylonitrile (PAN) and poly(ether sulfones) (PESF) membranes, the water vapor easily
condenses in the pores of these supports, thus sharply increasing the mass transfer resistance. The
effect of water vapor is less in the case of polyvinylidene difluoride (PVDF) and polysulfone (PSF),
showing better long-term stability. Porous supports significantly contribute to the overall mass
transfer resistance. The presence of water vapor worsens the mass transfer in the porous support due
to the pore condensation and support material swelling. The membrane fabrication condition must
be optimized to avoid pore condensation and maintain good separation performance.

Keywords: porous support; thin-film composite; membranes; humid condition; CO2 separation

1. Introduction

Membranes are well known as promising alternatives to conventional separation
technologies (e.g., distillation, absorption, and pressure swing adsorption) due to their
simple operation, being easy to scale-up, low energy cost, and easy maintenance [1–3]. In
recent decades, membranes have been used in many fields, such as seawater desalination,
wastewater treatment, and gas separation (e.g., O2/N2 separation, H2 recovery, natural gas
sweetening, and more recently, CO2 capture) [4–6]. In the case of gas separation membranes,
particularly CO2 separation membranes, numerous materials have been developed in recent
years, but most reports are on intrinsic gas separation properties obtained from single gas
permeation tests using freestanding thick films (50~100 µm) [7].

However, asymmetric membranes, such as multilayer composites, are used for real
industrial applications to maximize their separation efficiency. A multilayer composite
membrane typically consists of a thin selective layer mechanically supported by a microp-
orous substrate [8]. In many cases, a gutter layer and a protective layer are also employed.
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To date, tremendous efforts have been made to develop new membrane materials with
high separation performances for CO2 separation [9–12], but much less has been done
to understand the influences of the porous support or to develop/improve new porous
supports suitable for TFC membranes.

The importance of the porous supports on liquid separation membranes has received
significant attention from researchers. For instance, Ghosh et al. reported the impacts
of the support membranes’ structure and chemistry on polyamide–polysulfone interfa-
cial composite membranes in 2009 [13]; in another study, Ramon et al. investigated the
effects of the support membrane pore size and porosity on diffusive transport through
composite membranes using theoretical models [14,15]. In a later report published in 2013,
Misdan et al. studied the effect of polysulfone substrate characteristics on the fabrication of
polyamide membranes [16]. All these papers attracted significant attention from among
researches and were widely cited.

The effects of porous supports employed in TFC membranes for gas separation receive
much less attention, with only a few papers found in the literature [17–21] and much fewer
citations. Beuscher et al. published a series of papers focusing on analyzing the influence
of porous supports [22]. They found out that the transport of gas mixtures in porous
membrane support is a complex combination of Knudsen diffusion, continuum diffusion,
and viscous flow. The resistance of the support layer normally dominates the fast gas
(e.g., VOC) permeation. Later, Liu et al. studied the effect of porous support on the overall
gas transport properties in TFC membranes [17]. However, they found out that porous
supports contribute as much as 75–98% of the total permeation resistance, resulting in a
significant reduction in both gas permeance and selectivity. Deng and co-workers studied
the gas mass transfer in a silicone rubber-PSF TFC membrane in 2001 [19]. In another study,
Lin et al. employed a TFC membrane for natural gas dehydration application; he also found
out that the porous support contributes much bigger resistance to the fast transport species
(i.e., water vapor) [18]. Their work clearly shows that future work should be focused
not only on membrane materials with superior gas permeability but also fabricating new
porous support with lower mass transfer resistance.

In recent decades, a large number of CO2 separation membranes have been re-
ported [23–26], including facilitated transport membranes and other CO2-philic mem-
branes. The fabrication of TFC membranes to optimize membranes for high performance
in real industrial applications has also been extensively studied. However, the effects of
porous supports in TFC membranes have rarely been reported. As most CO2-containing
streams include water vapor, and water is involved in CO2 transport mechanism, water
vapor is critical in membranes for CO2 separation. Water vapor could not only contribute
to the reversible reaction involved in the facilitated transport mechanism and swell the
selective layer membrane materials [27,28]. However, these also significantly affect the
mass transfer in porous supports. Therefore, in the present study, six different types of
the most commonly used and commercially available flat sheet supports were selected to
fabricate TFC membranes and study their effects on the overall separation performance.
Two representative polymers, Pebax 1657 and poly(vinyl alcohol) (PVA), were selected as
the coating layer materials in this study as they are among the most reported materials in
CO2 separation membranes. The gas separation performances of these membranes were
studied under fully humid conditions to understand the gas transport and optimize the
stability of the selected porous supports. Additionally, the porous support morphology
and the surface hydrophilicity/hydrophobicity were analyzed using SEM and the contact
angle (CA), respectively.

2. Materials and Methods
2.1. Materials

Polysulfone (PSF) membranes with a molecular weight cut-off (MWCO) of 20k and
50k, and polyethersulfone (PESF) with MWCO of 30k and 50k were purchased from Alpha
Laval, Danmark. Polyacrylonitrile (PAN) was kindly provided by Fujifilm. Polyvinylidene
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difluoride (PVDF) with an MWCO of 30k was also purchased from the same company.
Pebax 1657 pellets were ordered from Arkema, Colombes, France. Poly(vinyl alcohol) (PVA)
(Mn 85–124 g/mol) and absolute ethanol (EtOH) were ordered from Sigma, Schnelldorf,
Germany. All the chemicals were used without further treatment.

2.2. Membrane Preparation

Pebax 1657 and PVA were selected as selective layer materials. 1 wt.% PVA solution
was prepared by dissolving the PVA in deionized (DI) water at ~80 ◦C for 4 h. 1 wt.% Pebax
1657 solution was prepared by dissolving the polymer in the EtOH/H2O (70/30 vol.%)
mixture at 80 ◦C with reflux for 4 h. All the porous support samples were washed in tap
water for 2 h, and then in DI water overnight before use. The selective layer was coated
via a bar-coating machine (Elcometer 4340, Elcometer Instruments GmbH, Arlen (Baden-
Wurttemberg) Baden-Wurttemberg, Germany) and knife casting (KTQ-100, SN:20168). With
a coating wet gap of 100 µm and a moving speed of 5 (mm/s). Because the contribution of
a gutter layer is relatively small compared to the porous support and the selective layer, in
this study, the gutter layer was not used.

2.3. Characterization

Membrane morphology was investigated using a scanning electron microscope (SEM,
TM3030 tabletop microscope, Hitachi High Technologies America, Inc., Schaumburg, IL,
USA). All samples were sputter-coated with conducting gold before the SEM test to avoid
electrical charging.

Contact angle (Attension tensiometer, Biolin Scientific, Göteborg, Sweden) was carried
out to check the membrane hydrophilicity. DI water was used as the liquid phase and the
CA was determined from the average value of three measurements.

A gas separation test was conducted using a mixed-gas permeation setup as described
in detail elsewhere [29,30]. A CO2/N2 (10/90 v/v) gas mixture was used as the feed gas,
whereas pure CH4 was used as the sweep gas. The humidity of both the feed and sweep
streams was set to 100%. The feed-side pressure was controlled by a back-pressure regulator
(El-Press series, Bronkhorst, Ruurlo, The Netherlands). Pressures were monitored (Wika,
S-10) and held constant at 2.0 bar on the feed side and up to 1.05 bar on the sweep side
for all the experiments. The compositions of retentate and permeate streams exiting the
membrane module were monitored by a calibrated gas chromatograph (490 Micro GC,
Agilent, Santa Clara, CA, USA) throughout the test. Each test continued for at least 6 h to
ensure a steady state.

The permeance (Pi) of the ith penetrant species was measured by Equation (1)

Pm,i =
Nperm

(
1− yH2O

)
yi

A
(
〈pi, f eed, pi,ret〉 − pi,perm

) (1)

where Nperm is the total permeate flow measured with a bubble flow meter, yH2O is the
molar fraction of water in the permeate flow (calculated according to the relative humidity
(RH) value and the vapor pressure at the given temperature), yi is the molar fraction of the
species of interest in the permeate, and pi,feed, pi,ret, and pi,perm identify the partial pressures
of the ith species in the feed, retentate and permeate, respectively. The separation factor
(αi/j =

yi/xi
yj/xj

) was applied to the mixed-gas permeation tests.

3. Results and Discussion
3.1. Porous Support
3.1.1. Morphology Study

The morphologies of the six supports selected were studied using SEM, and their
cross-sections are shown in Figure 1. The PAN support and PSF 50k membrane present
a sponge-type structure, while the PSF 20k, PESF 30k, and PESF 50k membrane show
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a finger-type porous structure. The PVDF 30k membrane shows a different structure
compared to the other five samples. It has sponge type pores at the bottom side of the
support close to the non-woven fabric, but big pores with a diameter of 1~5 µm present
just under the selective layer (~1 µm). The different structures of these materials may come
from a different membrane fabrication process.
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Figure 1. Cross-section of the 6 porous supports selected.

As discussed previously, the support plays a significant role in the overall mass
transfer in the TFC membranes. Therefore, in principle, a support with lower thickness and
higher porosity is preferred for fabricating membranes. The thicknesses of the six porous
supports were also studied using SEM and summarized in Table 1. As shown in Table 1,
the PSF membrane has the highest total thickness in all the selected membranes, which is
approximately 150 µm. The PESF membrane and PVDF membrane exhibit a similar total
thickness of ~80 µm. The thinnest membrane comes from the PAN support from Fujifilm,
which shows a value of ~40 µm.

Table 1. The overall thickness of the 6 porous supports selected.

Support Pore Type Top Layer Thickness (µm) Total Thickness (µm)

PAN Sponge – ~40
PESF 30k Finger ~6 ~75
PESF 50k Finger ~18 ~80
PSF 20k Finger 5~20 ~150
PSF 50k Sponge – 120~150
PVDF Sponge + Finger ~1 70~85

The support surface is another critical parameter that needs to be considered in TFC
membrane fabrication. A smooth surface is a prerequisite for fabricating membranes
with an ultrathin selective layer (<1 µm). The surface images of the as-received mem-
branes are shown in Figure 2. As can be seen, unknown particles within the microme-
ter range are easily found on the surfaces of all membranes. In addition, defects with
a large dimension (a few µm in width and dozens of µm in length) can be found on
both PSF membranes. The overall smoothness of these membranes follows the trend of
PAN/PVDF > PESF 50k > PESF 30k > PSF 20k >= PSF 50k.
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Figure 2. Surface morphology of the 6 porous supports selected—unwashed.

As indicated by the supplier, the PSF membranes contained pore-protecting agents
that needed to be removed before use. The recommended procedure involved washing
the membrane with tap water at 45 ◦C for 2 h, followed by DI water for one night. Other
membranes do not need to remove additives, but micro-sized particles were found on
all samples; thus, all the supports were washed using the same procedure. The surface
images of the thoroughly washed membranes are shown in Figure 3. Compared to the
as-received membranes (Figure 2), most of the particles on the surface were removed from
the membrane surfaces.
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On the other hand, the two PSF membranes show quite interesting results: after
washing by the suggested protocol, it was found that plenty of unknown particles with a
typical crystal appearance showed up on the membrane surface, as shown in Figure 4. It
may come from the precipitation of the pore-protecting agent used by the supplier with
insufficient wash. With this type of membrane surface, it is impossible to obtain a defect-
free TFC membrane. To overcome this, the wash period was extended from 2 h (1 h tap
water and 1 h DI water) to overnight (2 h tap water and overnight DI water), most of these
particles can be removed.
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Figure 4. Surface morphology of 2 PSF porous supports washed by different procedures.

3.1.2. Contact Angle(CA) Study

In the TFC membrane fabrication process, it is well known that the surface hydrophilic-
ity/hydrophobicity has a dominating effect on the final membrane thickness and mor-
phology. CA is commonly used to indicate that a surface is hydrophilic (CA < 90◦) or
hydrophobic (CA > 90◦). In the present study, the CA value of the six selected supports
was measured using DI water. The CA test was carried out using the cleaned supports. All
the CA tests were carried out at least three times, and the average values are presented
in Figure 5.
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As shown in Figure 5, surprisingly, the PVDF membrane shows the lowest CA (ap-
proximately 40◦) among all samples. Due to the high fluoride content in the polymer,
the PVDF polymer normally shows a CA value in the range of 70~85◦, depending on the
pore size/porosity and surface morphology [31]. However, the CA value of PVDF can be
significantly lower if hydrophilic surface modification is applied [31,32]. In the present
study, the CA value for PVDF is much lower than the literature data, possibly due to the
hydrophilic surface modification by the supplier. PAN shows a slightly higher CA value
(50–60◦) compared to the PVDF sample. PSF and PESF supports exhibit even higher CA
values in the selected samples. Although the reasons are still unclear, for both PSF and
PESF support materials, it is found that the supports of higher MWCO exhibit a higher
CA value.

3.1.3. Gas Permeation Properties under Humid Conditions

Many CO2 facilitated transport membranes involve water vapor in the facilitated
transport mechanism. However, the water vapor may condense in the pores of the porous
support. The condensed water vapor in the pores gradually increases the overall mass
transfer resistance of the membranes, and consequently reduces the membrane separation
efficiency. Therefore, the CO2 permeation performance of these support membranes was
studied under fully humid conditions, and the results are shown in Figure 6.
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Figure 6. CO2 permeation of the 6 porous supports selected at 100% RH, with a feed pressure of
2 bar at 35 ◦C.

As shown in Figure 6, the support membranes exhibit rather high CO2 permeances
under dry state conditions (the first 1–2 min); however, a significant reduction in the CO2
permeance can be found in five of the six selected supports. The only exception is the
PVDF support. It shows the CO2 permeance of ~1000 GPU at the dry state and this value
remains under humid conditions during the test period (~1500 min). The PAN support
has the highest starting value, which is over 10,000 GPU; however, this value dramatically
reduces under the humid condition in a very short time. After 500 min, the CO2 permeance
reduced to ~20 GPU. Similar phenomena are observed for the two PSF and PESF supports.
Even though the starting point of these supports is reasonably high, they gradually reduce
to lower than 100 GPU. Based on the resistance in the series model in mass transfer, the
overall gas transport resistance is dominated by the selective layer. The total gas permeance
of a composite membrane coated on the supports is always expected to be lower than this
value, which means that using these supports to fabricate TFC membranes may not result
in high permeation for membrane separation when involving water vapor.

3.2. Membrane Coated with Pebax 1657
3.2.1. Coating Condition Selection

It is well known that the selective layer thickness will result in differences in both gas
permeance and selectivity [8,9,33] in facilitated transport membranes or when condensable
vapor is involved in the separation system. As varying coating solution concentrations
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result in different membrane thicknesses, the effect of the Pebax solution concentration on
the final membrane performances was studied, as shown in Figure 7.
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coated via various coating concentrations, 100% RH, feed pressure of 2 bar at 35 ◦C.

As shown in Figure 7, increasing the coating solution concentration from 0.25 wt.% to
4 wt.% resulted in a notable decrease in the CO2 permeance. Starting from membranes of
0.25 wt.% Pebax solution, the CO2 permeance of up to 1150 GPU was obtained; however,
the CO2/N2 selectivity was as low as ~1.5, denoting that the Pebax layer did not fully cover
the PAN support. Increasing the concentration to 0.5 wt.% resulted in a sharp decrease in
CO2 permeance, of approximately 400 GPU, but the CO2/N2 selectivity was increased to
12. The selectivity obtained from this membrane was still lower than the intrinsic selectivity
of Pebax 1657; thus, the coating solution concentration was further increased. The trend for
CO2 permeance and CO2/N2 selectivity continues. Therefore, 1.0 wt.% Pebax solution was
selected as the optimized coating concentration for further study.

The long-term stability is another critical factor that needs to be considered for mem-
brane separation. The membrane fabricated via 1.0 wt.% coating concentration on PAN
support was selected to study the stability. As shown in Figure 8, the membrane shows a
relatively stable separation performance during the tested period. Only a slight reduction
can be found for the CO2 permeance; at the same time, a slight increase in CO2/N2 selec-
tivity was also observed, and possibly, these small changes come from the fact that the feed
pressure compacted the selective layer. In general, the overall separation performances of
the Pebax membranes are good.

3.2.2. Morphology Study

The morphology of the Pebax coated on different supports was studied using
SEM (Figure 9).

As shown in Figure 9, it is found that, even though the coating conditions are the same
for all supports, notable differences in the selective layer thickness were obtained. The PESF
support has the highest selective layer thickness value among the six selected supports, i.e.,
0.81~1.12 µm. The selective layer obtained from the other four selected supports is thinner,
within a range of 0.15–0.32 µm. Details of the selective layer thickness are listed in Table 2.
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Table 2. The selective layer thickness of the Pebax TFC membrane fabricated on various supports.

Supports Thickness (nm)

PAN 193.5 ± 18.3
PVDF 325.5 ± 23.4

PSF 20k 366.7 ± 50.9
PSF 50k 142.8 ± 36.5

PESF 30k 815.2 ± 70.0
PESF 50k 1180.2 ± 86.5

The membrane surface is also presented in the insets of Figure 9. It is found out that
those obtained membranes show a rather similar structure. Some dots can be found on
the surfaces of all the samples, which is a typical Pebax membrane morphology due to
microphase separation that has been reported in different works on the subject [34].
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As we know, coating parameters affect the morphology of the TFC membranes, such
as the coating solution concentration, the casting knife moving speed, and the wet casting
gap [35]. Interestingly, this work found that, even when using the same coating solution
and casting parameters, different selective layer thicknesses were obtained on different
supports. The intrinsic material properties and the surface morphologies of the supports
present a strong effect on the final membrane thickness. Thus, the casting condition for
different supports should be optimized case by case.

3.2.3. Contact Angle

Due to the fact that the six selected supports have a large difference in chemical
structure and morphology, significant differences in the contact angle were observed
(Figure 5). The Pebax layer in the TFC membrane determines the contact angle after
coating with the 1.0 wt.% Pebax solution, showing a different contact angle to that of the
pristine support.

After coating a layer of Pebax onto the PAN support, the CA value of ~50◦ was
obtained, which is approximately 10◦ lower than the pristine PAN support, as shown in
Figure 10. On the other hand, after the Pebax coating, the CA value of the Pebax/PVDF
slightly increased to ~60◦, which means that the Pebax dominates the CA value in the
Pebax/PVDF membrane, which is close to the CA value of pristine Pebax 1657 (60~65◦). In
terms of PSF supports, the CA value of both PSF 20k and PSF 50k samples were reduced
from hydrophobic (85◦, and 95◦, respectively) to hydrophilic (<=50◦, and 70◦, respectively),
and it supports the fact that the PSF 50k sample still holds the higher CA value. In the
case of PESF supports, similar phenomena were found, notably that the CA value for both
samples decreased to a hydrophilic state. The overall CA value for all the coated support is
generally in a similar range, i.e., 40~60◦.
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3.2.4. Gas Permeation under Humid Conditions

Gas permeation of the TFC Pebax membranes coated onto the six different supports
was tested under fully humid conditions at both the feed and permeate sides, as shown
in Figure 11.
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As can be seen from Figure 11, except for the membranes cast on the supports of
PVDF and PSF 50k, those of the other four supports experienced a reduction in CO2
permeance over time. The membrane cast on the PAN support started with a rather high
CO2 permeance (~500 GPU). However, the permeance decreased sharply in a short period
to a low value (~20 GPU). It is well accepted that increasing the RH value will enhance the
Pebax gas permeability [36]. For instance, in our previous study, the CO2 permeability was
greatly improved as the RH value increased [27,37]. However, in the present study, the
CO2 permeance of the Pebax/PAN membrane was sharply reduced during humidification,
denoting that the PAN support dominated the gas transport in the TFC membrane, rather
than the Pebax layer. The water vapor condensed in the PAN pores and swelled the PAN
polymer, which resulted in an increase in the mass transfer resistance of the support layer,
leading to a sharp reduction in the gas permeation rate.

Surprisingly, even though the PVDF support shows a relatively low CA, the Pe-
bax/PVDF membrane exhibited much better stability under humid conditions. Although
the CO2 permeance was in the low region (~40 GPU), no significant reduction can be found
in the whole gas permeation test period (~2000 min). This finding clearly shows that water
vapor has a limited effect on the Pebax/PVDF membrane, and a possible explanation can
be that it is more difficult for water vapor to condense along the surface of the pores in
hydrophobic PVDF support.

It is also interesting that the membranes coated on supports with the same materials
but different MWCO supports do not behave in the same manner. A membrane coated
on PSF 50k support shows higher CO2 permeance compared to the PSF 20k samples: the
CO2 permeance of over 100 GPU was maintained in a time of ~1500 min. On the other
hand, the PESF 30k delivers a more stable and permeable TFC membrane than the analog
with higher MWCO. These may be associated with the different morphology and surface
properties of the porous supports.

3.3. Membrane Coated with PVA
3.3.1. Morphology Study

The morphology of the PVA TFC membrane was studied with SEM and the results
are shown in Figure 12.
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Similar to the Pebax case, the PVA membrane fabricated on the PESF supports shows
the highest selective layer thickness, ranging from 0.35 to 0.69 µm, followed by the PAN
support, which is approximately 0.33 µm. PSF supports exhibited the lowest thickness. The
detailed selective layer thicknesses can be found in Table 3.

Table 3. The selective layer thicknesses of PVA TFC membranes fabricated on different supports.

Supports Thickness (nm)

PAN 325 ± 36
PVDF 236 ± 11.7

PSF 20k 114.2 ± 53.8
PSF 50k 175.1 ± 10

PESF 30k 350.8 ± 41.0
PESF 50k 693.5 ± 110.2

As shown in Table 3, the thickness behavior is quite similar to the Pebax case, demon-
strating that the porous support has a significant effect on the selective layer thickness. The
optimization of the selective layer for different supports should be optimized individually.
The membrane surface is smooth for all samples and similar to other reports using PVA as
a selective layer [38].

3.3.2. Contact Angle

The CA of the PVA coated on various supports was tested again and the results are
shown in Figure 13. The CA value of the self-standing PVA was also tested and a value of
~60◦ was obtained [39].

Compared to the corresponding supports, the coating of PVA onto these supports
increases the hydrophilicity of these supports, which are rather similar to the literature
reports [40]. The CA value gradually reduces over time, demonstrating that the water
quickly swelled the PVA layer. For PVDF and PAN supports, the CA value change was not
significant, but the slope of reduction is much steeper after PVA coating. The PSF supports
have the biggest reduction in CA value, and the coated PSF/PVA membrane exhibited a
CA value close to the intrinsic value of the PVA material, denoting that the PVA dominates
the CA value. With regard to the PESF sample, even though the neat PESF 30k and 50k
show slight differences in the CA value, after being coated with PVA, both membranes
show a CA value of ~80◦, and also reduce quickly over time. It is well known that PVA
has high water permeability [39]; therefore, in the case water vapor condensed on the PVA
surface, it will penetrate through the selective layer and condense in the porous supports.
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3.3.3. Gas Permeation at Humid State

The gas permeance of the PVA TFC membrane fabricated on different supports was
tested using 100% RH conditions, and the results are shown in Figure 14.
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As shown in Figure 14 for the PVA/PAN membrane, a gradual reduction in the CO2
permeance can be seen. Starting from ~120 GPU, the PVA/PAN membrane CO2 permeance
gradually reduced to 69 GPU in ~10 h (600 min). The good news is that the membrane
gas permeance stabilized and no further reduction was observed. Compared to the gas
permeance results from the neat PAN support, which shows a CO2 permeance of ~20 GPU
after it became fully swollen due to water vapor, the PVA layer seems to play a positive
role in preventing the porous supports becoming fully swollen.

In the case of PVDF support, the CO2 permeance of ~50 GPU was obtained, which
was quite similar to the Pebax/PVDF membrane. Possibly, the relatively low CA of the
PVDF membrane makes the support rather easy to penetrate by the water or water/ethanol
coating solution. The polymer in the penetrated coating solution blocked the PVDF pores
and reduced the overall gas permeance. In a future study, a pore-filling agent (e.g., AF 72)
can be used to reduce the possible penetration and increase the membrane separation
performances.

Considering the PSF supports, even though the PSF 50k has a relatively bigger molecu-
lar weight cut off, the stability of the PVA/PSF 50k is better than the PVA/PSF 20k. Starting
with the initial CO2 permeance of 271 GPU, the CO2 permeance of the PVA/PSF 50k
membrane reduced to ~70 GPU in only half an hour. This value stabilized and remained
for 1000 min. On the other hand, the PVA/PSF 20k membrane has a rather bad stability
test; it even started with similar CO2 permeance at the beginning (267 GPU). It reduced to
only 3 GPU in 200 min; thus, the test was discontinued.

The PVA/PESF membrane exhibited even worse results as shown in Figure 14 For
both cases, they started with the CO2 permeance of ~100 GPU, but both PESF 30k and PESF
50 reduced to ~20 GPU in less than 20 min.

4. Conclusions

In the current work, the six most commonly used porous supports were selected to
fabricate TFC membranes and study the effects of different support substrates on their CO2
separation performance under humid conditions. Two hydrophilic membrane materials,
Pebax and PVA, were employed to cast as selective layers on the supports. The porous
supports and fabricated TFC membranes were characterized using various techniques,
including CA, SEM, and gas permeation test under fully humid conditions. The key
findings of the current study are:

(1) For the six commercially available porous supports, washing the supports before
coating is necessary to prevent particles aggregating on the surfaces of the support, which
causes the formation of defects in the thin coating layer.

(2) The CA of the porous supports not only depends on the intrinsic properties of the
polymer but also on the membrane surface morphology.
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(3) In TFC membrane fabrication processes, apart from the coating parameters
(e.g., coating speed, solution concentration, and wet coating gap), the material prop-
erties and surface morphology of the porous supports also have critical impacts on the
morphology and separation performance of the final TFC membranes.

(4) Among the six supports selected in the current work and operated under fully
humid conditions, unfortunately, for PAN and PESF membranes, water vapor could easily
condense in the pores of these supports and sharply increase the mass transfer resistance.
In the case of PVDF and PSF 50k, the effect of water vapor is not that obvious, which shows
relatively better long-term stability. It is also worth mentioning that the selective layer,
the gutter layer, and the operation conditions (e.g., temperature, RH value, and pressure)
may change the pore condensation behavior, leading to rather different gas separation
performances.

Porous supports significantly contribute to the mass transfer resistance in a TFC
membrane for gas separation, especially under humid state conditions. More research
work should be carried out on developing or optimizing supports with low mass transfer
resistance. In addition, the operation parameter of a facilitated transport membrane must
be optimized to avoid the pore condensation in the support to reduce the mass transfer
resistance and increase the overall separation efficiency.

Author Contributions: Methodology, Z.D.; investigation, J.W. and Y.M.; validation Z.Q. and W.X.;
writing (original draft), H.G.; writing (review and editing): L.D. and J.D. All authors have read and
agreed to the published version of the manuscript.

Funding: The research was supported by Sichuan Science and Technology Program (2021YFH0116,
2021ZYD0101), National Natural Science Foundation of China (No. 52170112) and Dongfang Boiler
(3521050). This work is also supported by the Research Council of Norway (No. 294533).

Institutional Review Board Statement: Not applicable for studies not involving humans or animals.

Data Availability Statement: The data presented in this study are available in insert article.

Conflicts of Interest: There are no conflict to declare.

References
1. Park, H.B.; Kamcev, J.; Robeson, L.M.; Elimelech, M.; Freeman, B.D.J.S. Maximizing the right stuff: The trade-off between

membrane permeability and selectivity. Science 2017, 356, eaab0530. [CrossRef] [PubMed]
2. Ishaq, M.; Gilani, M.A.; Arshad, I.; Bilad, M.R.; Ahmad, F.; Khan, A.L. Synergy of high permeability and selectivity of super-

base/choline chloride/urea solution impregnated membranes for CO2 capture. Carbon Capture Sci. Technol. 2021, 1, 100019.
[CrossRef]

3. Lu, Y.; Li, X.; Giovanni, C.; Wang, B. Construction of MOFs-based nanocomposite membranes for emerging organic contaminants
abatement in water. Front. Environ. Sci. Eng. 2023, 17, 89. [CrossRef]

4. Baker, R.W. Future directions of membrane gas separation technology. Ind. Eng. Chem. Res. 2002, 41, 1393–1411. [CrossRef]
5. Baker, R.W.; Low, B.T. Gas separation membrane materials: A perspective. Macromolecules 2014, 47, 6999–7013. [CrossRef]
6. Lively, R.P.; Sholl, D.S. From water to organics in membrane separations. Nat. Mater. 2017, 16, 276–279. [CrossRef]
7. Robeson, L.M. The upper bound revisited. J. Membr. Sci. 2008, 320, 390–400. [CrossRef]
8. Dai, Z.; Ansaloni, L.; Deng, L. Recent advances in multi-layer composite polymeric membranes for CO2 separation: A review.

Green Energy Environ. 2016, 1, 102–128. [CrossRef]
9. Ma, C.; Wang, M.; Wang, Z.; Gao, M.; Wang, J. Recent progress on thin film composite membranes for CO2 separation. J. CO2 Util.

2020, 42, 101296. [CrossRef]
10. Han, Y.; Ho, W.W. Polymeric membranes for CO2 separation and capture. J. Membr. Sci. 2021, 628, 119244. [CrossRef]
11. Xie, K.; Fu, Q.; Qiao, G.G.; Webley, P.A. Recent progress on fabrication methods of polymeric thin film gas separation membranes

for CO2 capture. J. Membr. Sci. 2019, 572, 38–60. [CrossRef]
12. Gao, J.; Zhang, Y.; Son, J.; Bara, J.E.; O’Harra, K.E.; Engelhard, M.H.; Heldebrant, D.J.; Rousseau, R.; Yu, X.-Y. The interfacial

compatibility between a potential CO2 separation membrane and capture solvents. Carbon Capture Sci. Technol. 2022, 2, 100037.
[CrossRef]

13. Ghosh, A.K.; Hoek, E.M. Impacts of support membrane structure and chemistry on polyamide–polysulfone interfacial composite
membranes. J. Membr. Sci. 2009, 336, 140–148. [CrossRef]

14. Ramon, G.Z.; Wong, M.C.; Hoek, E.M. Transport through composite membrane, part 1: Is there an optimal support membrane?
J. Membr. Sci. 2012, 415, 298–305. [CrossRef]

http://doi.org/10.1126/science.aab0530
http://www.ncbi.nlm.nih.gov/pubmed/28619885
http://doi.org/10.1016/j.ccst.2021.100019
http://doi.org/10.1007/s11783-023-1689-x
http://doi.org/10.1021/ie0108088
http://doi.org/10.1021/ma501488s
http://doi.org/10.1038/nmat4860
http://doi.org/10.1016/j.memsci.2008.04.030
http://doi.org/10.1016/j.gee.2016.08.001
http://doi.org/10.1016/j.jcou.2020.101296
http://doi.org/10.1016/j.memsci.2021.119244
http://doi.org/10.1016/j.memsci.2018.10.049
http://doi.org/10.1016/j.ccst.2022.100037
http://doi.org/10.1016/j.memsci.2009.03.024
http://doi.org/10.1016/j.memsci.2012.05.013


Membranes 2023, 13, 359 15 of 15

15. Ramon, G.Z.; Hoek, E.M. Transport through composite membranes, part 2: Impacts of roughness on permeability and fouling.
J. Membr. Sci. 2013, 425, 141–148. [CrossRef]

16. Misdan, N.; Lau, W.; Ismail, A.; Matsuura, T. Formation of thin film composite nanofiltration membrane: Effect of polysulfone
substrate characteristics. Desalination 2013, 329, 9–18. [CrossRef]

17. Liu, L.; Jiang, N.; Burns, C.M.; Chakma, A.; Feng, X. Substrate resistance in composite membranes for organic vapour/gas
separations. J. Membr. Sci. 2009, 338, 153–160. [CrossRef]

18. Lin, H.; Thompson, S.M.; Serbanescu-Martin, A.; Wijmans, J.G.; Amo, K.D.; Lokhandwala, K.A.; Merkel, T.C. Dehydration of
natural gas using membranes. Part I: Composite membranes. J. Membr. Sci. 2012, 413, 70–81. [CrossRef]

19. Beuscher, U.; Gooding, C.H. Characterization of the porous support layer of composite gas permeation membranes. J. Membr. Sci.
1997, 132, 213–227. [CrossRef]

20. Beuscher, U.; Gooding, C.H. The influence of the porous support layer of composite membranes on the separation of binary gas
mixtures. J. Membr. Sci. 1999, 152, 99–116. [CrossRef]

21. Liu, L.; Chen, Y.; Li, S.; Deng, M. The effect of a support layer on the permeability of water vapor in asymmetric composite
membranes. J. Membr. Sci. 2001, 36, 3701–3720. [CrossRef]

22. Beuscher, U.; Gooding, C.H. The permeation of binary gas mixtures through support structures of composite membranes.
J. Membr. Sci. 1998, 150, 57–73. [CrossRef]

23. Deng, L.; Hägg, M.-B. Carbon nanotube reinforced PVAm/PVA blend FSC nanocomposite membrane for CO2/CH4 separation.
Int. J. Greenh. Gas Control 2014, 26, 127–134. [CrossRef]

24. Tong, Z.; Ho, W.W. Facilitated transport membranes for CO2 separation and capture. Sep. Sci. Technol. 2017, 52, 156–167.
[CrossRef]

25. Liao, J.; Wang, Z.; Gao, C.; Li, S.; Qiao, Z.; Wang, M.; Zhao, S.; Xie, X.; Wang, J.; Wang, S. Fabrication of high-performance
facilitated transport membranes for CO2 separation. Chem. Sci. 2014, 5, 2843–2849. [CrossRef]

26. Saeed, M.; Deng, L. Carbon nanotube enhanced PVA-mimic enzyme membrane for post-combustion CO2 capture. Int. J. Greenh.
Gas Control 2016, 53, 254–262. [CrossRef]

27. Dai, Z.; Deng, J.; Ma, Y.; Guo, H.; Wei, J.; Wang, B.; Jiang, X.; Deng, L. Nanocellulose Crystal-Enhanced Hybrid Membrane for
CO2 Capture. Ind. Eng. Chem. Res. 2022, 61, 9067–9076. [CrossRef]

28. Guo, H.; Wei, J.; Ma, Y.; Deng, J.; Yi, S.; Wang, B.; Deng, L.; Jiang, X.; Dai, Z. Facilitated transport membranes for CO2/CH4
separation-State of the art. Adv. Membr. 2022, 2, 100040. [CrossRef]

29. Dai, Z.; Aboukeila, H.; Ansaloni, L.; Deng, J.; Baschetti, M.G.; Deng, L. Nafion/PEG hybrid membrane for CO2 separation: Effect
of PEG on membrane micro-structure and performance. Sep. Purif. Technol. 2019, 214, 67–77. [CrossRef]

30. Dai, Z.; Ansaloni, L.; Ryan, J.J.; Spontak, R.J.; Deng, L. Nafion/IL hybrid membranes with tuned nanostructure for enhanced CO2
separation: Effects of ionic liquid and water vapor. Green Chem. 2018, 20, 1391–1404. [CrossRef]

31. Woo, S.H.; Park, J.; Min, B.R. Relationship between permeate flux and surface roughness of membranes with similar water contact
angle values. Sep. Purif. Technol. 2015, 146, 187–191. [CrossRef]

32. Jaleh, B.; Gavary, N.; Fakhri, P.; Muensit, N.; Taheri, S.M. Characteristics of PVDF membranes irradiated by electron beam.
Membranes 2015, 5, 1–10. [CrossRef] [PubMed]

33. Liu, M.; Nothling, M.D.; Webley, P.A.; Fu, Q.; Qiao, G.G. Postcombustion carbon capture using thin-film composite membranes.
Acc. Chem. Res. 2019, 52, 1905–1914. [CrossRef] [PubMed]

34. Car, A.; Stropnik, C.; Yave, W.; Peinemann, K.-V. Pebax®/polyethylene glycol blend thin film composite membranes for CO2
separation: Performance with mixed gases. Sep. Purif. Technol. 2008, 62, 110–117. [CrossRef]

35. Dai, Z.; Bai, L.; Hval, K.N.; Zhang, X.; Zhang, S.; Deng, L. Pebax®/TSIL blend thin film composite membranes for CO2 separation.
Sci. China Chem. 2016, 59, 538–546. [CrossRef]

36. Xiang, L.; Pan, Y.; Zeng, G.; Jiang, J.; Chen, J.; Wang, C. Preparation of poly (ether-block-amide)/attapulgite mixed matrix
membranes for CO2/N2 separation. J. Membr. Sci. 2016, 500, 66–75. [CrossRef]

37. Feng, X.; Qin, Z.; Lai, Q.; Zhang, Z.; Shao, Z.-W.; Tang, W.; Wu, W.; Dai, Z.; Liu, C. Mixed-matrix membranes based on novel
hydroxamate metal–organic frameworks with two-dimensional layers for CO2/N2 separation. Sep. Purif. Technol. 2023, 305,
122476. [CrossRef]

38. Hyder, M.; Chen, P. Pervaporation dehydration of ethylene glycol with chitosan–poly (vinyl alcohol) blend membranes: Effect of
CS–PVA blending ratios. J. Membr. Sci. 2009, 340, 171–180. [CrossRef]

39. Huang, R.; Yeom, C. Pervaporation separation of aqueous mixtures using crosslinked polyvinyl alcohol membranes. III.
Permeation of acetic acid-water mixtures. J. Membr. Sci. 1991, 58, 33–47. [CrossRef]

40. Zhang, C.-H.; Yang, F.-l.; Wang, W.-J.; Chen, B. Preparation and characterization of hydrophilic modification of polypropylene
non-woven fabric by dip-coating PVA (polyvinyl alcohol). Sep. Purif. Technol. 2008, 61, 276–286. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1016/j.memsci.2012.08.004
http://doi.org/10.1016/j.desal.2013.08.021
http://doi.org/10.1016/j.memsci.2009.04.019
http://doi.org/10.1016/j.memsci.2012.04.009
http://doi.org/10.1016/S0376-7388(97)00071-9
http://doi.org/10.1016/S0376-7388(98)00205-1
http://doi.org/10.1081/SS-100108357
http://doi.org/10.1016/S0376-7388(98)00204-X
http://doi.org/10.1016/j.ijggc.2014.04.018
http://doi.org/10.1080/01496395.2016.1217885
http://doi.org/10.1039/C3SC53334D
http://doi.org/10.1016/j.ijggc.2016.08.017
http://doi.org/10.1021/acs.iecr.2c01402
http://doi.org/10.1016/j.advmem.2022.100040
http://doi.org/10.1016/j.seppur.2018.03.062
http://doi.org/10.1039/C7GC03727A
http://doi.org/10.1016/j.seppur.2015.03.048
http://doi.org/10.3390/membranes5010001
http://www.ncbi.nlm.nih.gov/pubmed/25569360
http://doi.org/10.1021/acs.accounts.9b00111
http://www.ncbi.nlm.nih.gov/pubmed/31246007
http://doi.org/10.1016/j.seppur.2008.01.001
http://doi.org/10.1007/s11426-016-5574-3
http://doi.org/10.1016/j.memsci.2015.11.017
http://doi.org/10.1016/j.seppur.2022.122476
http://doi.org/10.1016/j.memsci.2009.05.021
http://doi.org/10.1016/S0376-7388(00)80635-3
http://doi.org/10.1016/j.seppur.2007.10.019

	Introduction 
	Materials and Methods 
	Materials 
	Membrane Preparation 
	Characterization 

	Results and Discussion 
	Porous Support 
	Morphology Study 
	Contact Angle(CA) Study 
	Gas Permeation Properties under Humid Conditions 

	Membrane Coated with Pebax 1657 
	Coating Condition Selection 
	Morphology Study 
	Contact Angle 
	Gas Permeation under Humid Conditions 

	Membrane Coated with PVA 
	Morphology Study 
	Contact Angle 
	Gas Permeation at Humid State 


	Conclusions 
	References

