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A B S T R A C T   

Realization of suitable membrane-based technology for efficient CO2 capture to mitigate climate change relies on 
the development of thin-film composite (TFC) membranes with superior separation performance. Graphene 
oxide (GO), due to its 2D morphology, intrinsic strength and chemical compatibility, was used as a nanofiller to 
enhance CO2 separation performance and stability of a facilitated transport membrane. SHPAA (sterically hin-
dered polyallylamine)-based blend matrix was selected as the polymeric matrix material in this work. The high 
aspect ratio of GO-based fillers, when coupled with optimized coating protocol, resulted in TFC membranes of 
ultrathin (200 nm) selective layers with the in-plane orientation of nanoplatelets, leading to enhanced separation 
properties that can be retained for long term. Porous graphene oxide (pGO) was also incorporated as nanofillers, 
resulting in significantly improved gas permeation at a very low filler loading of 0.2 wt%; A CO2 permeance of up 
to 607 GPU with a CO2/N2 separation factor of 36 in flat-sheet configuration was documented. Chemical 
modification of GO with PEG groups was found to further increase the selectivity of the membranes but reduces 
the CO2 permeance, showing a CO2/N2 separation factor of 90 with a CO2 permeance of 205 GPU. The effect of 
various 2D nanoplatelets on CO2 transport properties in the membranes of hydrophilic PVA (polyvinyl alcohol) 
matrix and facilitated transport SHPAA/PVA matrix was elucidated with respect to the nanofiller property and 
loading.   

1. Introduction 

The global climate crisis is believed to be primarily due to industri-
alisation. Of all the causes, the tremendous increase in greenhouse gas 
emissions, most importantly, the emission of CO2, over the past few 
decades, could be directly coupled to the current global warming sce-
nario. Implementation of Carbon Capture, Utilization and Sequestration 
(CCUS) represents the most effective solution for the coming decade to 
undergo the transition to a more sustainable energy system. However, 
limitations relating to the cost and technical viability in the CO2 capture 
technologies (i.e., absorption, membrane separation and adsorption) 
still pose as the main challenges to be addressed in the implementation 
of CCUS [1–3]. 

Polymeric gas separation membranes due to their low-cost, high 
modularity and easy scalability have been explored widely for CO2 
separation applications. Membrane materials with preeminent perme-
ation properties (permeability and selectivity), as well as good chemical 
and mechanical properties, increase efficiency of separation processes 

significantly [4–7]. Conventional polymeric membranes based on the 
solution-diffusion mechanism suffer due to the inherent trade-off be-
tween permeability and selectivity, as denoted by the Robeson upper 
bound [8]. Facilitated transport membrane is considered one of the 
successful approaches to overcome the trade-off and thereby improve 
separation performance, which uses CO2-reactive carriers to enhance 
CO2 transport. Another approach is to make hybrid membranes to 
combine the advantages of inorganic materials, including the use of 
nano-sized fillers to make nanocomposite membranes, which also syn-
ergistically exploit properties arising at the nanoscale [9–12]. However, 
limited studies have reported the combination of these two approaches 
to increase water uptake of facilitated transport membranes by taking 
advantages of the hydrophilicity of the added filler phase and to enhance 
the mechanical stability of the fully swollen membrane matrix except for 
a few reports [13–15]. Nevertheless, the incorporation of 2 dimensional 
(2D) nanoplatelets in facilitated transport membranes has rarely been 
reported in the form of ultrathin selective layers less than 500 nm 
suitable for application in CO2 separation. The fabrication of the TFC 
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membrane with such ultrathin selective layers comprising of 2D nano-
platelets in facilitated transport membranes using a scalable fabrication 
procedure seems challenging. 

Due to their large aspect ratio, 2D materials such as graphene oxide 
(GO) significantly influence mechanical and transport properties when 
added as nanofillers in hybrid membranes. GO is inherently a barrier for 
gas permeation, but it can be engineered to benefit the gas permeation in 
a membrane. With a large surface-to-volume ratio, nanoplatelets of GO 
inherit high mechanical strength. The presence of hydroxyl groups on 
the GO surface also brings in hydrophilicity and increased surface 
interaction with CO2 [16–18]. On the other hand, the barrier properties 
of GO platelets can be significant even at low loadings in hybrid matrices 
depending on the physical and chemical properties of the 2D 
nanoplatelets. 

In general, the challenges using 2D fillers include incompatibility 
between filler and polymer, upscaling complexity to form defect-free 
thin composite membranes, and morphology/chemical property tun-
ing of fillers [10]. Dong et al. [19] added GO nanoplatelets to hyper-
branched polyethyleneimine (HPEI) and trimesoyl chloride (TMC), and 
fabricated composite membrane with the highest permeance of 9.7 GPU 
and CO2/N2 selectivity of 80. Shen et al. [20] fabricated PVAm and 
Chitosan based hybrid membrane with HPEI modified GO enhancing the 
CO2 permeance from 14 GPU to a maximum of 36 GPU and a maximum 
CO2/N2 selectivity of 107 from 80. A few other studies explore the use of 
GO platelets in membranes for CO2 separation, but most studies are 
based on thick self-standing films [21–23]. Recently, Wang et al. [24] 
reported a PVAm-based GO/CNT mixed matrix composite membrane 
with a maximum CO2 permeance of 275 GPU and CO2/N2 selectivity of 
155.1 by tuning the interlayer spacing with the addition of CNTs as a 
third component. 

In this work, we incorporated a very small amount of GO-based 2D 
nanoplatelets into facilitated transport membranes (~0.2% loading) to 
improve the CO2 permeation performance and their long-term stability 
in the humid environment. Ultrathin, defect-free selective layers (~200 
nm) containing 2D nanosheets were coated on porous flat sheet supports 
using a scalable, facile method. Both physically and chemically modified 
GO platelets with an array of properties were synthesized or modified for 
the successful dispersion of these 2D nanofillers in the polymeric 
matrices of the ultrathin membranes (e.g., polyvinyl alcohol (PVA) and 
the blend of sterically hindered polyallyl amine (SHPAA) with PVA). The 
nanofillers and hybrid membranes were thoroughly characterized, and 
the separation performances of the developed membrane was system-
atically assessed by both single gas and mixed gas permeation tests 
under humid conditions. The effects of the nanofillers on the improve-
ment of the membrane morphologic and separation performance were 
analysed. 

2. Materials and methods 

2.1. Materials 

Poly(allylamine hydrochloride) (Mw = 120,000–200,000) was pur-
chased from Thermo Fisher Scientific, Sweden, and was purified and 
modified into sterically hindered polyallylamine. 

SP1 grade synthetic graphite powder from Bay Carbon Inc., USA, was 
used as received. Sulphuric acid (97%), hydrochloric acid (35%) and 
acetone (99.5%) used in GO synthesis were purchased from Daejung 
Chemicals & Metals Co., South Korea. Hydrogen peroxide (50% in 
water) and potassium permanganate used in synthesis and modification 
of GO were supplied by Junsei Chemical Co., Japan. 

Potassium hydroxide (pellets, 85%–100%), polyvinyl alcohol (Mw =
89,000–98,000, 89% hydrolyzed), 1-Ethyl-3-(3-dimethylaminopropyl) 
carbodiimide, N-hydroxysulfosuccinimide, 2-bromopropane, Methanol 
(anhydrous, >99.8), 8arm-poly (ethylene glycol)-NH2 (hexaglycerol 
core, Mn = 10,000, PEG), were used as received from Sigma-Aldrich, 
Norway. Polyvinylidene fluoride (PVDF) ultrafiltration membrane (50 

k MW) with polypropylene (PP) substrate was obtained from Synder 
Filtration, USA. 3 M™ Fluorinert™ Electronic Liquid FC-72 was used as 
received from Kemi-Intressen, Sweden. CO2/N2 mixture (10 vol% CO2 in 
N2) and CH4 (99.95%), used for permeation tests, were supplied by AGA, 
Norway. Hydrogen peroxide (H2O2, 30% in water) used in the modifi-
cation of GO was supplied by Sigma Aldrich, Norway. 

2.1.1. Synthesis of sterically hindered polyallylamine (SHPAA) 
Sterically hindered polyallylamine was obtained by modification of 

purified polyallylamine with 2-bromopropane, as reported in our pre-
vious work [13]. Poly allylamine reacts with 2-bromopropane in the 
presence of stoichiometric amounts of KOH at 50 ◦C under reflux con-
ditions in methanol yields poly-N-isopropyl allylamine [25], as shown in 
reaction Scheme 1. 

2.1.2. Synthesis of graphene oxide and its modification 
Graphene oxide used in the flat sheet membranes was synthesized 

through modified Hummer’s method, as reported in Ref. [26,27]. 10 g of 
graphite powder was mixed with 450 mL of Sulphuric acid under stirring 
at 5 ◦C for 1 h. 30 g of potassium permanganate was then added and 
stirred for 30 min, resulting in a colour change from black to dark green. 
The solution was further heated up to 40 ◦C for 1 h. 450 mL of deionized 
water was added dropwise and carefully to avoid a rapid increase in 
temperature. The solution is characterized by a colour change to dark 
brown at this point. The temperature was then maintained at 95 ◦C for 
30 min followed by adding 300 mL of 10% hydrogen peroxide solution 
and then stirred for 15 min. The colour change to light brown marked 
the successful synthesis of graphene oxide. The GO was then purified 
multiple times with about 5 L of 10% hydrochloric acid through a 
Whatman glass microfiber filter followed by washing in 3 L of acetone. 
The filtered GO cakes were then dried at 40 ◦C for two days under 
vacuum. Prior to usage, GO flakes are dispersed in the required quantity 
of water and sonicated with a tip sonicator for 3 h for exfoliation. 

2.1.3. Physical modification of graphene oxide 
In order to physically modify GO flakes for better diffusion of pen-

etrants, random pores were introduced by hydrothermal treatment of 
GO using hydrogen peroxide, as reported earlier by Lee et al. [27]. 1 M 
NaOH was used to adjust pH of 75 mL of 1 mg mL− 1 GO solution was 
taken and the pH was adjusted to 10 using 1 M NaOH solution. The 
mixture was stirred for 5 min at high speed followed by bath sonication 
for 10 min 10 mL of 3% dilute hydrogen peroxide solution was then 
added to the mixture and the solution was stirred for 10 min at high 
speed followed by bath sonication for 10 min. The resulting mixture was 
then treated at 180 ◦C in a Teflon autoclave for 6 h and then cooled down 
to room temperature. The resulting pGO dispersion in the water had a 
concentration of about 1 mg mL− 1. 

2.1.4. Chemical modification of graphene oxide 
PEG groups were grafted onto the GO surface using the EDC coupling 

reaction [13,28]. GO basal planes are characterized with acidic –COOH 
edge groups. However, in order to activate multiple sites for PEG 
grafting for amide bond formation, further carboxylic groups on GO 
surface were introduced by treating 20 mL of 4 mg mL− 1 GO dispersion 
with an equal volume of 3 M NaOH followed by bath sonication for 1 h at 
25 ◦C. This reaction enabled the conversion of esters in GO surface to be 
hydrolyzed into carboxylic groups in addition to the edge carboxylic 

Scheme 1. Steric hindrance of polyallylamine.  
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groups already present in the GO. Dilute HCl was then added to 
neutralize the solution followed by dilution to 1 mg mL− 1, obtaining a 
dispersion of carboxylated GO in water. 100 mg of NHS and 150 mg of 
EDC was then added to the GO-COOH dispersion, followed by bath 
sonication in ice for 30 min to activate the catalysts. 200 mg of 8-arm 
PEG was then added to the mixture, and the solution was stirred at 
room temperature for 24 h. The solution was then centrifuged at 7000 
rpm to remove aggregates, and the dispersion was then dialyzed in water 
using Dialysis membrane Spectra/Por® 3 to remove the catalysts, salts 
and other unreacted components. The residual dispersion had a GO-PEG 
concentration of about 1 mg mL− 1. 

2.1.5. Coating of composite membranes 
4 wt% PVA solution in water was prepared by dissolving PVA pellets 

in deionized water at 80 ◦C for 4 h under reflux conditions. The SHPAA 
solution in methanol post-modification was dried at 60 ◦C under vacuum 
overnight to remove residual solvent. The resulting pristine polymer was 
then dissolved in water for 24 h in room temperature to obtain a 6 wt% 
solution. 

In the case of flat sheet membranes, a cast solution concentration of 
about 1 wt% was used. The blend polymer solution of SHPAA/PVA 
constituted 90 wt% SHPAA and 10 wt% PVA of the total polymeric 
solids present in the solution. The % amount of nanofillers was measured 
with respect to the total polymer present in the cast solutions. For 
example, a 0.5 wt % GO in SHPAA/PVA blend denotes that the amount 
of GO is 0.5% of the total polymer present in the solution. The PVDF 
support was first washed in tap water at 45 ◦C for 1 h followed by DI 
water for 30 min to remove the pore protective agent. The support was 
dried at room temperature overnight prior to coating using a bar coating 
machine as described in our previous work. Low-boiling FC-72 was used 
to fill the pores to avoid pore penetration of the casting solution. 

2.2. Material and membrane characterization 

Chemical changes to nanofillers were monitored by Fourier- 
transform infrared (FTIR) spectroscopy using Thermo Nicolet Nexus 
spectrometer equipped with smart endurance reflection cell in attenu-
ated total reflectance mode with a diamond crystal. An average of 16 
scans with a resolution of 4 cm− 1 was used in the range of 4000 cm− 1 

and 800 cm− 1 to build the spectra. The surface chemical composition of 
synthesized GO was analysed with an X-ray photoelectron spectroscopy 
(XPS, XPS-theta probe, Thermo Fisher Scientific Co., USA) equipped 
with a monochromatic Al Kα source with C-correction of 284.5 eV. 

Membrane morphologies were analysed by Field Emission SEM 
APREO (FEI, Thermo Fisher Scientific, USA) equipped with an in-lens 
detector under immersion mode. Before analysis, the samples were 
sputter-coated with 8 nm Pd/Pt alloy. 

The synthesized nanofillers were observed for structural details using 
Hitachi S-5500 S(T)EM (Hitachi High Technologies America, Inc.). Both 
bright field and dark field detectors were used for transmission mea-
surements. The samples were prepared by dispersing a drop of dilute 
filler suspensions on 300 mesh Cu grids (Electron Microscopy Sciences, 
FCF300–Cu). EDX analysis was performed with Bruker EDX-system 
(Bruker XFlash EDX Detector) for elemental mapping. 

Atomic Force Microscope (AFM) (AFM Dimension Icon, Bruker, 
USA) was used to study the alignment of GO in bar-coated samples. The 
imaging was done in ScanAsyst QNM tapping mode using a silicon 
nitride tip. The samples were prepared by bar coating casting solutions 
or by drying a drop of casting solution on freshly cleaved mica sheets 
followed by drying at 60 ◦C. 

2.3. Gas permeation performance 

The gas permeation performance of the fabricated membranes was 
evaluated by a humid gas permeation rig, as reported in our previous 
studies [13,29,30]. A constant flow of 10/90 v/v CO2/N2 mixture of 200 

mL min− 1was used as a feed in order to maintain a low stage cut (less 
than 0.5%). The feed pressure was maintained at 1.7–2 bar. CH4 was 
used as a sweep gas at a volumetric flow rate of 100–200 mL min− 1 at a 
pressure of around 1.02 bar. Both feed and sweep streams were hu-
midified in a bubble tank prior to contact over the active membrane 
surface. Steady-state compositions of the permeate, retentate and the 
feed streams were monitored in line regularly using pre-calibrated gas 
chromatography (490 Micro GC, Agilent). The permeance of the gas 
component ‘i’ was obtained using the following equation: 

Pi =
2⋅ṅp

(
1 − yH2O

)
yi

( (
pi,f + pi,r

)
− 2⋅pi,p

)
A

(1)  

Where ṅp is the total permeate flow in cm3(STP) s− 1 measured at the exit 
with a bubble flow meter after reaching the steady state. yH2O and yi 
denote the molar fraction of the water and permeating species in the 
permeate flow, respectively. pi,f , pi,r and pi,p are the partial pressures in 
cmHg− 1 of the species ‘i’ in the feed, retentate and permeate, respec-
tively. A is the effective permeation area in cm2. In this study the per-
meance is reported in GPU, where 1 GPU = 10− 6 cm3(STP) cm− 2 s− 1 

cmHg− 1 = 3.35 × 10− 10 mol m− 2 s− 1 Pa− 1. Additionally, the separation 
factor was calculated according to Equation (2): 

αi/j =
yi/xi

yj
/

xj
(2)  

where y and x represent the molar gas concentration in the permeate and 
feed stream, respectively. For pure gas humid permeation tests, the feed 
gas was switched to pure gas with an upstream pressure of 1.1 bar. 
Similar conditions were used in the sweep side. The CO2/N2 ideal 
selectivity was calculated as the ratio between CO2 and N2 pure gas 
permeances. 

3. Results and discussion 

3.1. Synthesis and modification of fillers 

The successful synthesis of GO is confirmed by the characterization 
of the nanoplatelets with the X-ray photoelectron spectroscopy. Baseline 
subtraction was done by the Shirley approach, and the C1s spectra were 
decomposed and fit using Gaussian and Lorentzian line shapes [31,32]. 
The corresponding spectra for both GO and pGO are seen in Fig. 1. Both 
GO and physically modified pGO are characterized by significant peaks 
that originate from C–C at ~285 eV and from C–O at ~287 eV. Addi-
tionally, small amounts of C––O groups are also evident in both the 
samples with a peak at ~288.5 eV. During the synthesis of GO, as a result 
of increasing oxidation, sp2 carbon bonds of graphite functionalize into 
sp3 and additionally to other oxygen containing groups such as hy-
droxyl, carboxyl and epoxy groups, as seen in Fig. 1A [33]. Likewise, for 
pGO, peroxide treatment to generate pores in GO led to the redistribu-
tion of peak intensity further in favour of C–O from C–C, as shown in 
Fig. 1B. This supplementary oxidation effect prompted by the modifi-
cation procedure employed to make the porous GO is also confirmed by 
the reduced C/O ratio determined by XPS, where the pGO had a slightly 
lower ratio of 1.74 as opposed to that of GO at 1.79. Similar reduction in 
C/O ratio was reported by Lee et al. [27]. 

Morphological analysis of the synthesized and modified nano-
platelets was studied using S(T)EM. The representative results for GO 
and pGO are presented in Fig. 2. The high aspect ratio of GO nano-
platelets was evident from the sheet-like morphology with varying 
transparency typical of few-layered GO [34]. Folded structure of GO 
flakes [35] with two lateral dimensions in the order of microns were 
observed, corroborating the presence of stacked monolayers. On the 
other hand, discernible pores were observed in the order of nanometers 
on the pGO samples. It should be noted that these pores were not 
engineered to a particular pore size distribution for the sieving effect. 
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The physical modification, which was used, is expected to create defects 
in the plane perpendicular to the direction of gas transport while pre-
serving the 2D morphology of the original platelet. Fig. 2 confirms the 
presence of porous 2D platelets in pGO with the lateral dimensions 
considerably reduced when compared to GO nanoplatelets, which can 
be attributed to the fracture of GO during the hydrothermal treatment at 
weaker sp3 regions [36]. In an attempt to characterize the pores, N2 
physisorption tests were also performed as described in the Supple-
mentary Information (Figure S1). 

Additionally, the chemically modified GO with PEG-grafted surfaces 
were examined with S(T)EM-EDX analysis to study the chemical 

composition on the surface. As the PEG groups were grafted at specific 
functional sites in the GO through the amide linkage, EDX analysis was 
performed to see the distribution of PEG groups that are end terminated 
with amine linkages. According to Fig. 3, the physical morphology of the 
GO-PEG nanoplatelets remained similar to the GO. As seen in the cor-
responding EDX maps, there exists a spatial distribution of N which 
originates from the PEG functionalization, due to amide group forma-
tion (dehydration reaction) and the terminal amine groups in the free 
arms of PEG (pristine GO basal planes do not feature N-containing 
groups). Elemental mapping of C and O are indicative of both C–O 
groups in the basal plane of GO and that of the PEG groups which are 
attached to the GO surface. It should be noted that the marked contrast 
differences in the SEM imaging arise due to the folded structure of the 
flakes [37] and hence high concentrations of individual elements in the 
corresponding EDS mapping are indicative of presence of a GO layer 
underneath. 

Chemical changes due to the modification procedure were monitored 
by FTIR spectroscopy of the nanofillers in dispersion mode (~1 mg mL− 1 

solids in water). The spectra of the fillers are shown in Fig. 4. Peaks 
associated with free –OH groups due to the large amounts of water in the 
dispersion represent the broad band corresponding to the frequency 
range of 2750–3500 cm− 1 and a sharp peak at 1640 cm− 1. Typical peaks 
associated with GO include 1097 cm− 1 for -C-O-C stretching, 1412 cm− 1 

for –OH bending vibrations; -C-O- stretching at 1218 cm− 1 and 1730 
cm− 1 for stretching of –C––O bonds with its associated -O-H stretching 
and bending at 1400 cm− 1 [38,39]. With carboxylation, in GO-COOH, 
the intensity of –C––O increases relative to other peaks as expected 
due to the formation of new carboxyl groups. The spectra of pGO 
remained similar to that of GO except for considerable peak intensity 
reduction of -C-O-C stretching but more pronounced -C-OH stretching 
shoulder at 1218 cm− 1. This could be attributed to partial oxidation of 
most epoxy groups to respective hydroxyl groups by the ȮH from the 
peroxide [40]. In the case of GO-PEG, the functionalization of PEG 
groups to GO surface is confirmed by the formation of amide bond with 
an obvious NH deformation peak at 1530 cm− 1 denoting and corre-
sponding C––O stretching associated with secondary amine groups at 
1643 cm− 1 [13,41]. Also, PEG functional groups are characterized with 
-C-H stretching at 1453 cm− 1 and C–H bending vibrations at 1342 cm− 1. 
Additionally, with functionalization, there exists a peak shift of -C-O-C 
stretching to the left, which is representative of PEG groups than epoxy 
groups in the basal plane of GO. 

Fig. 1. Deconvoluted C 1s XPS spectra of synthesized (A) GO and (B) pGO.  

Fig. 2. S(T)EM imaging of GO (left) and pGO (right) (Scale bar = 500 nm).  
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3.2. Characterization of thin membranes with GO-based fillers 

Stable dispersion of GO-based fillers with both PVA and SHPAA/PVA 
blend matrices was obtained at the entire range of filler loading from 0.2 
wt% to 1 wt%. The concentration of cast solutions was maintained at 1 
wt% of solid, much lower than the amount in the literature previously 
reported on GO dispersibility in PAA solutions for other applications 
[42]. The low concentration of polymer along with the reduced reac-
tivity of amines to epoxy groups on the GO-based fillers caused by steric 
hindrance have led to a stable homogeneous polymer-filler dispersion 
with no visible agglomeration. The similar viscosities of coating solu-
tions and the low density of GO flakes enabled similar coating layer 
thicknesses in all the fabricated hybrid membranes regardless of the 2D 
filler types and loadings. Representative cross-sectional SEM imaging of 
0.2 wt% pGO loaded composite membrane, as seen in Fig. 5, reveals the 
presence of an ultrathin selective layer with a thickness lower than 200 
nm on the PVDF porous support. Contrarily, the surface images of the 
selective layers show visible difference between the neat polymer 
membranes and those loaded with 2D nanofillers (Fig. 6). While neat 
polymer membrane showed an even surface, dark patches were 
observed in the hybrid membrane samples, which could be associated 
with the parallelly orientated GO-based filler flakes with incircle radii of 
less than 1 μm from the top view. No evident protrusion or aggregation 
of the nanofillers were observed from the smooth surface. Monolayer GO 
nanoplatelets are characterized with thickness about 1 nm with lateral 
dimensions ranging up to a micron as seen in Fig. 2. The smooth surface 
of the hybrid matrices of both GO and pGO loaded membranes with 
discernible spots yet no protrusions across a 200 nm thin selective layer 

confirm the in-plane orientation. Such in-plane orientations have been 
reported due to the surface energy changes and reciprocal shear caused 
by the coating methods like dip-coating [43] or spin-coating [44]. These 
orientations depend on compatibility of GO nanoplatelets with the 
dispersed polymeric host matrix and method of preparation. Longer 
evaporation times by solvent evaporation method with thicker selective 
layer might result subsequent reduction of free energies unless exter-
nally controlled. In this study, the selective layer is coated by the 
bar-coating method, and the in-plane orientation of GO is attributed to 
the lowering of surface free energies of GO-based fillers [45] by me-
chanically forced-orientation of the thin 2D flakes into the tangent to the 
cylindrical surface of the bar at the contact point, as schematically 
represented in Fig. 7. This phenomenon along with the fast evaporation 
rate due to the coating of an ultrathin layer leads to the in-plane 
orientation of 2D fillers. Alternatively, PVA films containing GO nano-
flakes were also prepared by solvent-evaporation method as a compar-
ison, as seen in Fig. S2. These films show no visible patterns on surface 
SEM (Fig. S3) due to the random orientation of platelets, which can be 
attributed to longer evaporation times and the absence of an external 
force that orients the nanosheets. 

The AFM analysis was also carried out to further study the orienta-
tion of GO in the bar-coated thin layer. Cast solutions of neat PVA 
polymer and PVA containing 0.2 wt% GO were used for this study. 
Similar coating procedure employed in membrane fabrication was used 
and the selective layer was bar-coated directly on to a freshly cleaved 
mica surface. Figs. 8.1A and 1B show the AFM images of a neat polymer 
layer. A topology indicating mild roughness was observed with the neat 
polymer sample. Interestingly, the sample containing PVA with 0.2 wt% 

Fig. 3. S(T)EM image (top left) of GO-PEG with the elemental mapping of C (top right), N (bottom left) and O (bottom right).  
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GO inherited the qualities of the neat PVA film but with additional 
characteristics indicating the presence of GO monolayers under the thin 
polymeric layer. The relatively lower roughness patterns in Fig. 8.2B 
than that in 8.1 B implies wrapping of PVA chains around GO due to 
their good compatibility. The overall height of the specimens are also 
similar, confirming the in-plane alignment of GO nanoflakes. This 
alignment was not achieved when drops of PVA containing 0.2 wt% GO 
was directly dried over mica support without using bar-coater as seen in 
Fig. S4. The roughness in the solvent evaporated specimen remained 
high due to the random orientation of GO nanoflakes when compared to 
the bar-coated counterpart, thus proving the effectiveness of the adopted 
method to align the nanoflakes in-plane with the coating surface. 

Fig. 4. FTIR spectra acquired from dispersions of GO, pGO, GO-COOH and GO- 
PEG (labelled and colour-coded). (For interpretation of the references to colour 
in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 5. Cross-section SEM images of (A) porous PVDF support (B) composite membrane containing SHPAA/PVA with 0.2 wt% pGO.  

Fig. 6. Surface SEM images of membranes with (A) neat SHPAA/PVA (B) SHPAA/PVA with 0.2 wt% GO (C) SHPAA/PVA with 0.2 wt% pGO.  

Fig. 7. Schematic illustration of orientation of GO-based fillers in hybrid 
membranes fabricated using bar coating technique. 
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3.3. Gas permeation performance 

3.3.1. Hybrid membranes with PVA polymer matrix 
Gas permeation performance of the fabricated membranes was 

analysed using a mixed gas permeation test rig with a humid feed 
mixture containing 10/90 v/v CO2/N2 at 35 ◦C. The results for PVA 
membranes loaded with GO-based fillers are shown in Fig. 9. PVA, 
although not a facilitated transport matrix, was chosen to distinguish the 
effects of GO-based fillers in water-swelling polymer matrix from fixed- 
site facilitated transport polymer (SHPAA). As it can be seen, the addi-
tion of GO influences the gas separation performance differently. 

GO nanoflakes are characterized by their prominent gas barrier 
properties due to the strong π-orbital interactions, leading to the dense 
packing of aromatic rings in the basal plane [46,47]. This repulsive 
behaviour to gas permeation was notably observed in membranes of 
PVA with both GO and pGO fillers, where the CO2 permeance of neat 
PVA drops from 240 GPU to ~140 GPU in the case of 0.2 wt% GO and to 
~185 GPU in the case of pGO. Interestingly, the CO2/N2 selectivity did 
not increase as expected, but remained nearly constant [48]. On the 
other hand, with the addition of PEG modified GO into the PVA mem-
brane, a notable increase in CO2 permeance (to ~285 GPU) and a 
marginal increase in selectivity to ~49 were observed. Pure gas tests 
were also conducted in these membranes where a minor increase in 
performance with respect to CO2 permeance was observed due to 
elevated CO2 partial pressure in the feed. Addition of GO-based nano-
platelets was aimed increasing CO2-philicity of the PVA matrix, how-
ever, their 2D structure imparts the barrier effect to gas permeation in 
the matrix. This barrier effect is well-pronounced with addition of 
GO-nanosheets in PVA, while with pGO containing less diffusion resis-
tance, the effect rescinds gradually. With addition of GO-PEG, the EO 
groups add to enhanced CO2 sorption along with good compatibility 

with the hydroxyl groups of PVA matrix. The corresponding synergetic 
effect of PEG moieties blending with PVA has led to a positive effect on 
the separation properties [49]. 

Facilitated transport membranes transport CO2 through a reactive 
pathway in addition to the solution-diffusion mechanism [50,51], which 
usually brings in both higher CO2 permeation and selectivity of CO2 over 
other more inert gases. In this work, the facilitated transport effect is 
brought in by the amine groups attached to the main chain of the 

Fig. 8. AFM images of height in 2D (A) and 3D (B) from bar coated samples of (1) neat PVA cast solution and (2) PVA with 0.2 wt% GO.  

Fig. 9. Mixed gas permeation performance of various PVA-based hybrid 
membranes measured at 35 ◦C. (Symbols denote corresponding pure gas 
permeation data). Hybrid membranes with facilitated transport SHPAA poly-
mer matrix. 
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backbone in the SHPAA polymer matrix, which reversibly react with 
CO2 in the presence of water [13]. With these enhanced CO2 permeation 
pathways, the separation performance of neat SHPAA/PVA blend 
membrane was marked at the CO2 permeance of 383 GPU (60% higher 
than that of PVA) and a CO2/N2 separation factor of 55, as shown in 
Fig. 10. 

The GO platelets are able to induce the reorientation of chain 
packings when dispersed in polymers [48,52] due to their large 
surface-to-volume ratio in tandem with their 2D morphology. In the case 
of a facilitated transport polymer matrix, the reduced crystallinity due to 
coercive packing disruption enables faster diffusion and increases 
sorption of CO2 by its enhanced access to the amine groups in the 
polymer backbone. The high surface area of the dispersed 
GO-nanosheets leads to increased active CO2 sorption along the surface, 
supplementing the CO2 solubility in the amine-containing polymer 
matrix. Additionally, the nanoplatelets are also expected to redistribute 
water domains present in the humidified matrix due to the vast spatial 
distribution arising from their large surface-to-volume ratio [16,53]. As 
water plays a significant role in CO2 facilitated transport, the availability 
of water-rich domains distributed throughout the hybrid membrane is 
critical to ensure the enhanced CO2 permeation across the membrane by 
the efficient absorption in the feed side, fast diffusion through the water 
swollen matrix, and desorption of CO2 in the downstream side of the 
membrane [14,54,55]. Furthermore, the inherent mechanical strength 
of GO platelets contributes positively to the mechanical properties of the 
fully water swollen membranes at humidified conditions [14,15]. 

The separation performance of SHPAA/PVA membranes with 
different GO-based fillers are summarised in Fig. 10. At a low loading of 
0.2 wt%, the CO2 permeance sharply increases to ~455 GPU in the case 
of 0.2 wt% GO and to 610 GPU in the case of 0.2 wt% pGO. It is believed 
that both GO and pGO effectively disrupt polymer chain packing while 
simultaneously increasing CO2 sorption and reorienting water distri-
bution in the matrix. The difference in permeance between the fillers is 
attributed to the presence of non-selective pores in pGO when compared 
to GO, which reduces diffusional resistance to gas permeation. The 
selectivity of the hybrid membranes containing both GO and pGO at 0.2 
wt% loading rapidly decreases to ~34. The change in the performances 
can be attributed to the enhanced gas diffusion through the more open, 
water-swollen matrix altered by the presence of GO, whilst the diffusion 
of N2 is more competitive than CO2. Nevertheless, at low GO loadings, 
these 2D fillers are still too few to cause pronounced diffusional resis-
tance relative to each gas. Similar trends are observed in the pure gas 
permeation tests albeit with lower CO2 permeance and selectivity for all 
cases. The difference is attributed to higher feed partial pressure of CO2, 

which leads to carrier saturation phenomenon in facilitated transport 
membranes as observed earlier by Wang et al. [24]. 

Contrary to the expectations, the enhanced compatibility between 
the GO/SHPAA interface through grafted hydrophilic PEG groups onto 
the GO surface did not bring in improvement in CO2 permeation, but 
resulted in a lower CO2 permeance in the hybrid membranes compared 
with membranes containing other GO fillers at 0.2 wt% loading, as seen 
in Fig. 11. This performance behaviour features as a typical class of 
hybrid membranes with rigidified interface between nanofillers and the 
polymer matrix, which usually show constant or increased selectivity 
but decreased gas permeation, as suggested by several researchers [22, 
56,57]. In the GO-PEG hybrid membranes, due to the strong interactions 
between –OH groups on the GO surface and the amine-containing 
polymeric matrix, there may exist a more occupied space around the 
GO with interconnected chains formed between the GO surface and the 
adjacent polymeric matrix. These chains may result in more rigidified 
interfaces of GO fillers, which, in conjugation with the GO barrier 
property, may lead to an increase in the CO2/N2 selectivity by effective 
blocking the gas diffusion (both CO2 and N2) but effecting little on the 
CO2 sorption. On the other hand, the decrease of CO2 permeance maybe 
explained by two competing effects of the fillers; with increasing 
GO-PEG loading, the presence of more GO nanosheets with rigidified 
interfaces hinders CO2 diffusion, while more PEG groups on the 
GO-polymer interface enhances CO2 sorption. Hence, at 0.5 wt% 
loading, there is a marginal increase of CO2 permeance due to enhanced 
sorption, followed by a decrease at 1.0 wt% loading due to reduced 
diffusion. Consequently, the CO2/N2 separation factor sharply rose to 
~90 while reducing the CO2 permeance down to 205 GPU at a high 
loading of 1 wt% filler. A similar effect was seen with higher loading of 

Fig. 10. Mixed gas permeation performance of various SHPAA/PVA-based 
composite facilitated transport membranes measured at 35 ◦C. (Symbols 
denote corresponding pure gas permeation data). 

Fig. 11. Mixed gas permeation performance of hybrid SHPAA/PVA-membranes 
with GO-based fillers as a function of filler loading measured at 35 ◦C. 
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GO nanoplatelets, where the tortuous pathways for N2 permeation due 
to the multi-layer orientation of GO leads to increased CO2/N2 separa-
tion factor of about 65 at 1 wt% loading. Thus, the optimal loading of 
GO-based fillers for enhanced permeation was observed at 0.2 wt%, 
above which the effect of barrier property of GO and hence the tortu-
osity to gas permeation is simultaneously manifested. At this loading, 
the enhanced permeation of CO2 due to the polymer chain disruption 
and increased sorption brought about by the high aspect ratio nano-
platelets counteracts with the resistance caused by the additional tor-
tuosity of the impermeable platelets. At higher loading, the latter effect 
is found to dominate for both GO and GO-PEG, as seen from the trends in 
Fig. 11. In the case of pGO, the presence of non-selective pores reduces 
the tortuosity, but the presence of bulk distribution of small-sized 
impermeable platelets is still significant. Hence, there is a decline in 
CO2 permeance with increasing filler loading, although not as steep as in 
the case of GO or GO-PEG. 

Both the neat SHPAA/PVA membrane and the high permeance 
SHPAA/PVA-membrane with 0.2 wt% pGO were stored at room tem-
perature under ambient conditions for a period of about 1.5 years and 
re-tested in humid mixed gas permeation to study the effect of 2D 
nanofillers in long-term stability of the membrane. It can be seen from 
Fig. 12 that the neat polymer membrane exhibited reduced permeance 
of ~25% after 1.5 years when compared to the freshly prepared mem-
branes while increasing the average CO2/N2 separation factor from ~55 
to ~61. This phenomenon is attributed to relaxation of polymer chains, 
leading to denser packing and hence reduced diffusivity of permeating 
species [58]. In facilitated transport membranes, this phenomenon is 
highly pronounced in the absence of water in the matrix (nearly dry 
conditions) as the membranes was stored under ambient conditions. The 
drying of membrane leads to eventual reduction in performance in 
facilitated transport membranes, typically, reduction in CO2 flux [13, 
59]. Interestingly, even with drying of the membrane, the chain relax-
ation and densification phenomena were less pronounced in pGO loaded 
matrix, clearly highlighting the effect of 2D nanoplatelets in redistri-
bution of polymer chain packing. In the latter case, only a reduction of 
12% in CO2 permeance with respect to the freshly prepared membrane 
was observed with a marginal increase in CO2/N2 separation factor. 

Very few studies have demonstrated the successful use of physically 
modified GO for gas transport membranes. He et al. [60] recently re-
ported a positive effect of adding porous GO along with o-hydrox-
yazo-hierarchical porous organic polymers to PEBAX 1657 membranes, 
increasing the CO2 permeability and CO2/N2 ideal selectivity to 232.7 
Barrer (from 94 barrer) and 80.7 (from 32.4), respectively, although 
thick films and pure gas conditions were used in the study. Dong et al. 

[61] doubled the CO2 permeability of modified PEBAX 1657 from 60.5 
Barrer to 119.5 barrer and selectivity from 54.7 to 103.9 albeit with 
thick films and at a high loading of 5 wt% of porous GO. 

The fabricated membranes in the current study feature as the suc-
cessful exploitation of porous GO in membranes by now, leading to high 
CO2 permeance of up to 607 GPU and CO2/N2 separation factor of about 
33.5 at a very small loading of pGO at 0.2 wt%. 

4. Conclusions 

Thin composite facilitated transport membranes with ultrathin se-
lective layer containing 2D nanofillers, i.e., GO, pGO and PEG-GO, were 
fabricated and tested. By studying different types and loadings of these 
GO-based 2D nanofillers on the CO2 separation performance, the effects 
of 2D nanoplatelets on CO2 transport properties in the hydrophilic 
membranes based on PVA matrix and facilitated transport SHPAA/PVA 
matrix were elucidated. It is speculated that both GO and pGO nano-
platelets positively disrupt polymer chain packing, increase CO2 sorp-
tion, and reorient water distribution in favour of increased CO2 
facilitated transport at a very low loading of 0.2 wt%, while the chem-
ically modified GO-PEG has probably formed a rigidified interface with 
the amino groups of SHPAA/PVA membrane matrix, leading to 
increased diffusional resistance and hence lower CO2 permeance but 
higher CO2/N2 selectivity. Under high PEG-GO loading of 1 wt%, the 
CO2/N2 separation factor increased up to 90 with CO2 permeance of 205 
GPU. The pGO containing SHPAA/PVA membranes at optimal loading 
exhibited a CO2 permeance of up to 607 GPU with a CO2/N2 separation 
factor of 36. The high aspect ratio 2D nanosheets induce polymer chain 
disruption, thereby aiding in retention of permeation performance in 
membranes for the long-term operation. 

The fabricated membranes are identified as the first to successfully 
demonstrate the potential use of 2D materials in facilitated transport 
matrices coated in flat sheet configuration with high CO2 transport 
properties. As a future work, the positive influence of 2D materials on 
the polymer chain packing disruption and water channel redistribution 
at very low loading can be further explored with advanced character-
ization and molecular studies. 
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