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Abstract: The unique properties of polyvinyl alcohol (PVA), and polysulfone (PSf), such as good
membrane-forming ability and adjustable structure, provide a great opportunity for CO2-separation
membrane development. This work focuses on the fabrication of PVA/PSf nanocomposite mem-
branes for CO2/N: separations. The membranes prepared by coating a 7.5 wt% PVA on top of PSf
substrate showed a relatively thin selective layer of 1.7 um with an enhanced CO2/Nz2 selectivity of
78.2 which is a ca. 200 % increase compared to the pure PSf membranes. The CO2/N: selectivity
decreases at a rapid rate with the increase of feed pressure, while the CO2 permeance shows a slight
reduction, which is caused by the weakening of coupling transportation between water and CO2
molecules as well as membrane compaction at higher pressures. Increasing operating temperature
from 22 °C to 50 °C leads to a slight decrease in CO:2 permeance, but a significant reduction in the
CO2/Nz2 selectivity from 78 to 27.1. Moreover, the mass transfer coefficient of gas molecules is ex-
pected to increase at a higher velocity, which leads to the increase of CO2 permeance at higher feed
flow rates. It was concluded that the COz2 separation performance of the prepared membranes was
significantly dependent on the membrane operating parameters, and process design and optimiza-
tion are crucial to bringing CO»-separation membranes for Industrial applications in post-combus-
tion carbon capture.

Keywords: Polyvinyl alcohol; nanocomposite membranes; gas permeation; CO> permeance; CO2/Na

selectivity

1. Introduction

With the acceleration of industrialization, the emissions of CO2 and other greenhouse
gases into the atmosphere increase dramatically around the world, which causes a signif-
icant global warming issue [1]. Carbon capture, utilization, and storage (CCUS) is consid-
ered one of the most promising ways to mitigate CO2 emissions [2]. Compared to the con-
ventional separation techniques such as absorption, adsorption, and cryogenic distilla-
tion, membrane separation technology offers the advantages of lower energy consump-
tion, flexible operation, smaller footprint, and less or no chemical requirement, which
shows great potential for CO: separation [3]-[5]. Different types of membrane materials
such as dense polymers, mixed matrix membranes, facilitated transport membranes, and
inorganic membranes have been developed for gas separations. Among them, inorganic
membranes are usually highly cost [6], which limits their large-scale applications for CO2
capture from flue gas where a huge membrane area is usually required to process a high-
volume flow of a gas stream, especially in power plants. [7]

While polymeric membranes are much more available in industrial CO: separations

due to their relatively high gas permeability, easy assembling process, good chemical
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stability, and relatively low cost [8], [9]. However, polymeric membranes are usually
suffering from the trade-off between gas permeability and selectivity, which means high
gas permeability will be usually accompanied by low selectivity and vice versa [10]. It was
reported that none of the pure polymeric membranes can surpass the Robeson upper
bound for the CO2-N: separation pair [11]. To successfully implement the membrane
technology for industrial CO: capture, novel membrane materials should be developed to
overcome this trade-off to bring down capital cost related to the required membrane area
(determined by gas permeability) and the operating cost related to the energy demand[11],
[12]. Novel strategies should be developed to ensure that the membrane performance
reaches the top-right corner of the upper bound plot. Although the upper bound is only
applied originally to dense polymeric membranes, gas permeability and selectivity are still
the two main parameters to characterize the separation performances for any membrane
materials [13], [14]. Various ways exhibit performance that exceeds the upper bound, such
as mixed matrix membranes (MMMs) [15], hybrid membranes [16], and nanocomposite
membranes. Among them, nanocomposite membranes show significant potential for
enhanced CO: separation performance, as evident from their widespread applications in
liquid or gas separations [17].

Polysulfone (PSf) membrane is widely used as polymeric support due to the
advantages of low material cost, high mechanical strength, and good thermal and chemical
stabilities [18]. Such material can form a porous structure with regular micropores, which
is suitable for fabricating high-performance gas separation membranes[19]. Meanwhile,
some literature reported that the hydrophilic polyvinyl alcohol (PVA) can form a dense
selective layer to present a highly swelling behavior with good film-forming properties
[20],[21]. It is worth noting that pure PSf or PVA membranes cannot achieve high
selectivity and permeance simultaneously [22], [23], but the combination can significantly
improve gas permeance while maintaining a high selectivity as reported by Chung et al.
[24]. Peng et al. [25], [26] demonstrated that the PVA/PSf composite nanofiltration
membranes fabricated by multi-step coating above PSf with a defect-free PVA layer
showed improved membrane performance. Moreover, it was also reported that high-
performance composite membranes can be formed by combining these two polymers [27],
although the preparation of a completely defect-free membrane is still challenging.
However, the incompatibility between the hydrophobic PSf substrate and the hydrophilic
top layer may lead to delimitation[28], [29], which lowers the membrane stability and
lifetime and limits its application. In order to address this issue, some literature reported
introducing a surfactant of sodium dodecyl sulfate (SDS) into the coating solution to
enhance the adhesion and compatibility[30], [31]. Although adding PVA selective layer
can enhance the selectivity, the permeabilities of the penetrants were still low under dry
conditions as reported by Chao et al. [32] as the hydrogen bonds of the polymer chain
hinder CO2 and N2 permeation [33]. Therefore, it is crucial to operating this type of
membrane in a humidified condition where the polymer chain can be swelled to enhance
the gas diffusivity coefficient. It was reported that water molecules can break the hydrogen

bonds between molecules and reduce the crystallinity of the PVA chain [34], and thus the
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CO2/Nz2 selectivity and CO:2 permeability for the water-swollen PVA membranes were 87
significantly improved [35]. 88

However, a systematic investigation of the membrane preparation parameters and 89
the optimal operating condition on the PVA/PSf nanocomposite membrane performances 90
is still lacking. Therefore, in this work, the membrane preparation parameters such as PVA 91
content, and coating thickness were optimized to identify the best condition for fabricating 92

high-performance nanocomposite membranes, and the process operating parameters for 93

CO2/N:2 separation were also systematically tested. 94
2. Materials and Methods 95
2.1 Materials %

The PSf membranes (MWCO 20K, Alfa Laval) were used as support layers. PVA 97
(MW 89,000-98,000, 99+%) was bought from ALDRICH Chemicals for the preparation of 98
the coating solutions with deionized (DI) water. The adhesive SDS was purchased from 99
Sigma-Aldrich. The mixed gas of 10 vol.% CO2/90 vol.% Nz and sweep gas of Argon 100
(purity: 99.99 %) were supplied from Chaozhou Dafeng Gas Co. LTD for gas permeation 101
testing. 102

2.2 Fabrication of composite membranes 103

The PVA coating solutions with different polymer concentrations were prepared by 104
dissolving a certain amount of PVA in DI water with magnetic stirring for 24 hours to 105
ensure the polymers were fully dissolved. The composition of the PVA coating solutions 106
varies from 5-10 wt%. The prepared PVA solutions were filtered by 0.8 pm syringe filters 107
to remove any undissolved particles and then put in the ultrasonic bath to remove air 108
bubbles before coating. The composite membranes were made by coating a thin PVA 109
selective layer on top of the PSf support. First, clean glass plates were used to fix the PSf 110
support with the aluminum tap. The addition of the surfactant of SDS and the removal of 111
the residual glycerol on the PSf surface by washing with warm tape water for at least one 112
hour was conducted to enhance the compatibility between the hydrophobic PSf surface 113
and hydrophilic PVA solution. Once the pre-treatment is completed, the PSf supports were 114
gently dried in the atmosphere, which ensures the membrane is completely flat to achieve 115
a uniform selective layer without any defects. It should be noted that the pre-treated 116
supports should not be dried in an oven to avoid any significant shrinkage or wrinkle on 117
the membrane surface. After that, Placing the support on the coating machine to fabricate 118
nanocomp membranes, the coating bar with a small thickness of 2 um was used to 119
coat the PVA selective layer at a coating speed of 30 cm/min. As it is shown in Figure 1, 120
the coated membranes were dried in a connective oven at 45°C overnight and followed by 121
a heat treatment at 100 °C for 2-3 hours to make crosslinked nanocomposite membranes 122

for CO; /N> separations. 123
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Figure 1. The fabrication procedure for PVA/PSf composite membranes 125
2.3 Membrane characterization 126

The morphology and structure of the prepared composite membranes were 127
characterized by scanning electron microscope (SEM) using a Zeiss GeminiSEM 450. 128
Fourier-transform infrared (FTIR) spectra for the membrane samples were obtained by a 129
Thermo scientific spectrometer (Thermo Nicolet iN10) by scanning the wavenumbers 130
ranging from 500 to 4000 cm™. The hydrophilicity of the prepared membranes was 131
determined by the contact angle measurement with a Drop Shape Analyzer (KRUSS, 132
DSA25). The swelling degree (SD) of the composite membranes was evaluated by the 133
weight ratio between the dried and wetted membranes. The membrane samples were 134
dried in a vacuum oven @ least 24 hours and weighed immediately. After that, the 135
membranes were placed in a closed saturated water vapors container to get fully 136
humidified. By removing the surface water on the samples with tissue paper, the wetted 137

membranes were weighed again. 138

_ Ws—Wgq
SD = “w, X 100% (1) 139

where Ws and W are the weight (g) of the swelling membrane sample at saturation and 140
the weight of a dried membrane, respectively. Moreover, the contact angle (0) 141

measurement was conducted to analyze the hydrophilicity of the prepared membranes. 142

2.4 Membrane performance testing for CO2/N, separation 143

The membrane performances for CO»/N, separation were tested by a gas 144
permeation rig equipped with a plate-and-frame membrane module with an effective area 145
of 17 cm? as indicated in Figure 2. a pre-mixed gas of 10 vol% CO; and 90 vol% N> was fed 146
into the membrane module at a given flow rate controlled by a mass flow controller (MFC, 147
Bronkhorst). The relative humidity (RH) of feed gas was controlled by passing the gas 148
through a humidifier equipped with heating jaket. The feed and permeate lines and the 149
module can be heated to the desired testing temperature by heating trace. Argon was used 150
as a sweep gas to create the driving force to dilute the penetrated gases, and also to ensure 151
the permeate gas continuously flowed to gas chromatography (GC, Shimadzu GC-2014) 152

with a thermal conductivity detector (TCD) for gas composition measurements. The feed 153
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and permeate pressures were controlled by two back pressure controllers (BPC, Alicate). 154
The process operating parameters such as feed pressure, temperature, and gas flow rate 155
were systematically investigated to document their influences on the separation 156
performances of the developed membranes. The gas permeance P; is calculated by 157

equation (2) as shown below [36], 158

_ 4
abves (2) 159

where P; is the gas permeance of component i expressed in Gas Permeance Units (GPU), 1 160
GPU =10°cm? (STP) cm2 s cm Hg? =2.736 x 10 m3(STP) m2 h-! bar! = 3.35 x 1019 mol 161
m2 s Pal; q;is the permeate flow rate of gas species i, m3 (STP) hl, which was measured 162
by a digital mass flow meter (MFM, Bronkhorst) installed on the permeate line. A is the 163

effective membrane area (1.7x10° m?), and Ap; is the partial pressure difference of i 164

between the feed and permeate side (bar); 165
The selectivity (S) is calculated by equation (3) as shown below: 166
_Yily; ©)
s =21
X / X 'j

where y and x are the mole fractions of gas components i and j in the permeate and feed 167

sides, respectively. 168

BPC
] b
| |

MFC

Membrane module

10% CO,
90% N,

Membrane
17 cm?

Feed
gas

Argon

MFC: mass fiow controller
BPC: back pressure controller

Sweep HI: humidity indicator
gas MFM: mass flow meter
—— Upstream Downstream
169
Figure 2. Schematic diagram of gas permeation rig for membrane performance testing 170
3. Results and Discussion 171
3.1 Membrane swelling behavior 172

PVA is a hydrophilic membrane material and can be swollen in a humidified 173
condition. Figure 3(a) shows that all of the prepared composite membranes present a quite 174
high SD of ca. 70 %. However, the difference between them is very small, which indicates 175
that coating an extra PVA layer may not affect the properties of the PSf support. 176

Compared with the pure PSf membrane, the water contact angle of the PVA/PSf 177
composite membranes reduces to around 37.5°, which is mainly caused by the 178

hydrophilicity of the PVA layer and the addition of strong surface tension material (i.e, 179
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SDS). However, with the increase of the PVA concentration in the coating solutions, the 180
membrane thickness increases (see Figure 5 SEM images), which leads to the reduction of 181

the SDS contribution to the hydrophilicity of the whole membranes, and thus the decrease 182

of the hydrophilicity as shown in Figure 3(b). 183
(a) (b)
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Pure PSf 5 wt% 7.5 wit% 10 wi% Pure PSf 5 wt% 7.5 wt% 10 wt%

PVA Concentration (wt%) PVA Concentration (wt%) -
Figure 3. (a) the swelling degree and (b) the contact angle of pure PSf and PVA /PSf 185
composite membranes 186
3.2 FTIR spectra 187

Based on the FTIR spectra in Figure 4, it can be fopnd that two strong characteristic 188

586 cm™ for the pure PSf 189

peaks were observed at the wavelengths of 1494 cm T
substrate, which indicates an aromatic vibrational bond-#g of Cz—n the polysulfone 190
group. Moreover, the peaks at the wavenumbers of 1146 cm™ a@lﬂﬂl cm™! are the 191
vibrational bonding of O=5=0 and C-O-C in the ether group. The wavenumber of 3056 192
cm™ is corresponding to the vibrational bonding of =C-H in the aromatic ring of 193
polysul and the two strong absorption peaks observed at the wavenumbers of 1298 194
cm™! an%?% cm™! represent the vibrational region of the sulfone group. 195

The large bands observed between 3320 and 3340 cm™ are linked to the stretching O- 19
H from the intermolecular and intramolecular hydrogen bonds. The vibrational band 197
observed between 2940 and 3000 cm™ refers to the stretching C-H from alkyl groups. The 198
peaks between 1750-1735 cm™lare due to the stretching C=0O and C-O from the acetate 199
group remaining from PVA. It can be concluded that the PVA selective layer was 200
successfully coated on top of PSf substrate. 201
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w., PVA/PSF
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Figure 4. FTIR spectra of pure PSf and various PVA /PSf composite membranes

3.3 Membrane morphology and structure

Figure 5 shows both surface and cross-section SEM images of different concentration
membrane samples at a magnification of 1000x and 6000x respectively. According to the
surface images, the prepared membranes are smooth, defect-free, and homogenous.
Moreover, as can be seen from the cross-section images, the layered structural
characteristic of all membranes can be identified, and the thickness of the coating layers is

between 1.2 to 5 pm.

Figure 5. (a&d) Cross-sectional and surface images of 5 wt% PVA/PSf membrane; (b&e)
Cross-sectional and surface images of 7.5 wt% PVA /PSf membrane; (c&f) Cross-sectional

and surface images of 10 wt% PVA/PSf membrane
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3.4 CO/N> mixed gas separation performance 215

3.4.1 Effect of the PVA concentration 216

It can be found that gas permeance and selectivity of PVA/PSf composite 217
membranes increase with the increase of the PVA concentration in the coating solutions as 218
shown in Figure 6. It is suspected that the water-swollen PVA selectivity layer may seal 219
the surface defects more thoroughly. It is remarkable that the highest selectivity in the 220
concentration of 7.5 wt% PVA, indicates that the prepared membranes form a defect-free 221
selective layer. However, a further increase in the polymer concentration may lead to the 222
formation of a denser layer, and thus reduce the CO, and N> transportation through the 223
membranes, which results in the decrease of both CO, permeance and CO/Ny selectivity. 224
Therefore, 7.5 wt% was identified as the best condition for making PVA/PSf 225
nanocomposite me nes, which were further tested for CO»/ N2 separations at different 226
operating conditiOIE%lj should be noted that the composite membranes present lower gas 227
permeance compared to the pure PSf membranes as the extra PVA layer causes additional = 228
transport resistance. Moreover, some PVA polymers might penetrate the PSf matrix to 229
decrease the pore size of the substrate or cause pore blocking and thus leading to the 230

decrease of gas permeance. Future work on seeking better support materials with higher 231

gas permeances should be pursued to enhance the membrane performance. 232
480
61 pt I
1470
L
51 ! >
{60 £
41 150 &
I o]
31 b T {40 @
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. {20 ©
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PVA Concentration (wt%) 233

Figure 6. Separation performance of PVA/PSf membranes with different PVA 234
concentration 235
3.4.2 Effect of feed flow rate 236

The feed flow rate varying from 100-500 Nml/min with a constant sweep gas flow 237
of 20 Nml/min under the feed pressure and temperature of 3 bar and 25 °C, respectively 238
were conducted to investigate its influence on the separation performance, and the results 239
are shown in Figure 7, it can be seen that CO, permeance increases from 2.3 to 5.7 GPU 240
with the increase of the feed flow rate. It should be noted that the gas velocity that passes 241
through the given cross-sectional area of the membrane module increases at higher feed 242

flow rates. Therefore, the mass transfer coefficient of gas molecules is expected to increase 243
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at a higher velocity, and hence increasing the gas permeance. However, it is worth noting
that both CO, and N permeances will increase simultaneously as the mass transfer
enhancement contributes to all gas molecules. Thus, the CO2/N: selectivity does not
present a significant change as indicated in Figure 7. Further increasing the feed flow may
enhance the gas permeance if a stable operation can be achieved at the given pressure.
However, the feed gas to be processed by a specific membrane area (i.e., the ratio between
feed flow and membrane area) is designed in the real-life application, and a membrane
system is usually operated at a relatively high stage-cut. The membrane performance of
the commercial modules is expected to be closer to the results obtained at a low or
moderate feed flow. Therefore, much higher feed flow rates of >600 Nml/min have not

been conducted in this work.
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Figure 7. Dependence of the membrane performances on the feed flow rate under a feed
pressure and a temperature of 3 bar and 25 °C

3.4.3 Effect of operating temperature

The gas permeation tests were conducted at different operating temperatures for the
best membranes prepared by coating a 7.5 wt% PVA solution. The system was tested at
the constant feed and sweep flow rates of 300 and 20 Nml/min with a feed pressure of 2
bar, and the results are shown in Figure 8. When the temperature increases from 22 to 50 °C,
the CO; permeance decreases slightly, but the CO2/ N selectivity decreases significantly
from 78 to 27.1. It is expected that the gas diffusivity will increase at higher operating
temperatures due to kinetic domination. However, from the thermodynamic point of view,
the CO» solubility coefficient decreases on the contrary. Overall, the CO> permeance
decreases with the increase in operating temperature, which means that this type of
membrane might be more suitable for low or moderate operating temperatures. Moreover,
the N> solubility coefficient will not be significantly influenced by temperature due to its

less condensability, so the N> permeance slightly increases with the increase of
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temperature as the diffusivity is dominating the N» transportation through the membranes. 271
Therefore, it presents a slight decrease in CO2/N: selectivity at higher temperatures. 272
However, it is worth noting that water vapor plays a significant role in the swelling of the 273
membrane, due to the limitation related to the equipment design, stable operation at high 274
relative humidity (RH) cannot be achieved at higher operating temperatures-this, however, 275

should be further investigated in future work to split the influence of RH and temperature. 276
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Figure 8. Dependence of the membrane performances on the operating temperature under 278
a feed pressure of 2bar 279
3.4.4 Effect of feed pressure 280

Even though CO; capture from flue gas is usually operated at relatively low feed 281
pressure to avoid a significantly high energy consumption for the feed gas compression, it 282
is worth investigating the membrane performance at different pressures to balance the 283
operating cost related to power demand and the capital cost of the membrane unit. 284
Therefore, the feed pressure variation from 1.8 to 5 bar was conducted under the constant 285
feed and permeate flow rates of 300 and 20 Nml/min at 25 °C. The obtained membrane 286
separation performances of CO, permeance and CO»/ N selectivity are shown in Figure 9. 287
It can be seen that the CO,/ N selectivity decreases at a rapid rate with feed pressure, while 288
the CO, permeance shows a slight reduction. It is expected that the absolute water vapor 289
content at high pressures decreases, which leads to the weakening of coupling 290
transportation between water and CO> molecules. Moreover, high feed pressure causes the 291
compacting of the membrane matrix to reduce the swelling effect. These two factors 292
contribute to the reduction of CO; permeation together. However, due to the decrease in 293
membrane swelling, the competing transport between the N> and CO. molecules is 294
expected to become more significant, which leads to a great reduction in the CO2/N> 295
selectivity. Therefore, it can be concluded that a relatively low feed pressure operation is 296
preferable for the prepared PVA/PSf nanocomposite membranes to achieve a high 297

separation performance for CO; capture from flue gas. 298
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Figure 9. Dependence of the membrane performances on the fesed pressure under a

constant feed and permeate flow rates of 300 and 20 Nml/min at 25 °C

4. Conclusions

PVA/PSf nanocomposite membranes were successfully prepared by coating a
selective layer on top of PSf substrate. The composite membranes presented better
separation performance compared to the pure PSf membranes, which indicates that
coating PVA on PSf can effectively improve the membrane selectivity without a significant
reduction of gas permeance compared to the pure PSf support membranes. Under the
same condition, a 7.5 wt% PVA coating solution is more suitable to achieve high
performance, with a slightly lower CO, permeance 3.4 GPU and 78.2 CO>/ N selectivity,
based on the results of the influences of polymer concentration on the membrane
separation performance. As for the feed flow rate test, the membrane experiences a
significant increase in CO2 permeance from 2.3 GPU at 100 Nml/min to 5.7 GPU at 500
Nml/min, while the CO»/N> selectivity remains stable with slight upward redundancy,
which is mainly caused by the enhanced mass transfer coefficient. With the increase of
operating temperature, CO, permeance decreases due to the significant reduction from the
dominating parameter of the CO; solubility coefficient. Thus, this type of membrane may
be more suitable for low or moderate operating temperatures. Moreover, the composite
membranes cannot maintain good separation performance under high-pressure operation
due to the weakening of coupling transportation between water and CO> molecules. In
addition, high feed pressure causes membrane compaction to reduce swelling effect.
Therefore, process design and optimization are very important to bringing such materials

into real-life industrial CO; capture.
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