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a b s t r a c t 

The configuration of thin film composite (TFC) in the form of hollow fiber is desired for gas separation 

membranes to achieve better gas permeation and higher packing density. In this work, we developed 

and tested TFC hollow fiber membranes with a defect-free, ultrathin (200 nm) hybrid facilitated trans- 

port selective layer consisting of three phases, i.e., a host polymeric matrix with fixed-site carriers, a 2D 

inorganic filler, and, a CO 2 -philic mobile carrier. The effect of lateral size of graphene oxide (GO)-based 

fillers on CO 2 permeation were studied in detail, and the modified size-optimized porous GO (pGO) fillers 

were found to enhance CO 2 permeation at a very low loading of 0.2 wt%. The optimized hybrid ma- 

terials were then combined with selected mobile carriers, which interact with CO 2 reversibly to form 

carbonate/carbene-CO 2 adduct to further enhance the CO 2 permeation performance. The resulting hybrid 

facilitated transport membranes with mobile carriers showcase a CO 2 permeance of up to 825 GPU with 

a CO 2 /N 2 separation factor of 31 and a CO 2 /CH 4 of 20. These membranes also exhibit increased resistance 

to carrier saturation phenomena typical of facilitated transport membranes, showing potential for CO 2 

separation applications also at elevated pressures. 

© 2020 The Authors. Published by Elsevier Ltd. 

This is an open access article under the CC BY license. ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

Membranes offer a potential solution for applications related to

O 2 separation due to their high modularity, lower footprint, eas-

er up-scaling, and lower environmental impact when compared

o conventional amine-based absorption systems [1–4] . In order to

e competitive and industrially attractive for gas separation ap-

lications, membranes should be characterized with high perme-

bility and selectivity. Traditional polymeric membrane materials

uffer from an inherent permeability-selectivity “trade-off”, which

imits the separation performance, reducing the commercialization

otential of membrane technology despite the low-cost and easy

calability benefits [5 , 6] . 

Research effort s on developing high perf ormance membrane

aterials to overcome the trade-off are mainly focused on in-

reasing permeability and selectivity through various approaches

7–11] , such as engineering hybrid materials to combine the advan-

ages of inorganic nanofillers and incorporating CO 2 reactive carri-

rs in polymer matrices for facilitated transport of CO 2 . Nonethe-
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ess, these developed materials have usually been reported as

elf-standing thick films, typically in the order of microns. How-

ver, the successful development of membrane materials is bench-

arked with improvements in transmembrane CO 2 flux (perme-

nce), which reduces the effective membrane area required to

chieve targeted separation [12–14] . Such membranes are, in gen-

ral, fabricated in the form of thin film composite (TFC) as flat-

heet or hollow fiber membranes with a stable, selective layer typ-

cally with a thickness of a few hundred nanometers [15] . 

Typical challenges accompanying the fabrication of ultrathin

embranes include retention of the permeation properties of

he material that is previously developed and evaluated as self-

tanding thick films. Additionally, when the selective layer is com-

osed of a hybrid material, the presence of two distinct phases in-

reases the complexity of achieving defect-free coating, while in

ollow fiber configuration, the coating procedure needs further op-

imization due to their curved topology [16] . 

Limited studies have been reported on fabricating hollow fiber

hin composite membranes with a hybrid selective layer for CO 2 

eparation applications. Dai et al. [17] have embedded ZIF-8

anofillers of 200 nm size in Ultem® 10 0 0 (polyetherimide) poly-

er, resulting in an asymmetric hollow fiber membrane with a
nder the CC BY license. ( http://creativecommons.org/licenses/by/4.0/ ) 
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Scheme 1. Steric hindrance of polyallylamine. 

d  

c  

w  

a  

a  

C

2

2

 

b  

(  

w  

(  

d  

i  

b  

(  

a  

p  

l  

d  

2  

f  

l  

a  

N  

(  

m

2

2

 

e  

s  

N  

a  

T  

c

2

s  

d  

2  

(  

i  

c  

s  

t  

G  

F  

d  

d  
CO 2 permeance of 30 GPU with CO 2 /N 2 separation factor of 25 un-

der mixed gas conditions. Smaller sized ZIFs (less than 100 nm)

were dispersed in Pebax polymer by Sutrisana et al. [18] in the

form of hollow fibers to increase the plasticization resistance ob-

taining stable CO 2 permeance of 350 GPU with the correspond-

ing CO 2 /N 2 selectivity of 32. Zhang et al. [19] reported a CO 2 per-

meance of 415 GPU with CO 2 /N 2 separation factor of 43 using

graphene oxide (GO) in Pebax coated on PVDF hollow fibers albeit

with characterization only by single gas tests. 

There exist a variety of nanofillers that enhance CO 2 perme-

ation properties in conventional polymeric membranes. Both 1D

nanofillers like nanocellulose [20 , 21] and 2D materials like GO

[22] have been successfully used in polymeric matrices in the form

of hybrid membranes for CO 2 separation, exploiting their high as-

pect ratio geometries [1 , 8] . Nevertheless, polymeric membranes

containing such fillers are seldom studied as hybrid membranes in

the form of thin composite hollow fibers with ultra-thin selective

layers. Hollow fiber membranes are particularly interesting for gas

separation due to their maximum achievable packing density. The

high surface-to-volume ratio arising from the 2D structure triggers

nanoscopic property changes when dispersed in polymeric matri-

ces. Effective dispersion of these platelets, even under small quan-

tities, affects reorienting of the polymer chain packing, inducing

changes in crystallinity, fractional free volume and CO 2 solubility

[23] . The use of a very small loading of these 2D fillers helps in

coating defect-free hybrid selective layers for TFC membranes, but

their high aspect ratio can still pose a considerable challenge for

hollow fiber configuration. 

Another approach to overcome the permeability-selectivity

“trade-off” is by introducing CO 2 -reactive carriers into the poly-

meric selective layer. The so-called “facilitated transport” mem-

branes transfer CO 2 through an additional reactive pathway

compared with conventional polymers that follow the solution-

diffusion mechanism only [24] . The reactive carriers are typically

amine groups fixed to the backbone of the polymeric chain. Fa-

cilitated transport is found beneficial in low-pressure applications

like post-combustion capture [9] , as the reactive sites become sat-

urated at higher CO 2 partial pressures in the feed [25] . This phe-

nomenon, known as “carrier saturation”, leads to an eventual re-

duction in permeation performance of facilitated transport mem-

branes for applications that involve elevated feed pressures. Small

CO 2 -philic molecules that reversibly react with CO 2 can be added

to the polymeric host matrices as “mobile carriers” to increase

CO 2 transport [26] . The low molecular weight of these compounds

leads to an increase in the density of CO 2 -reactive groups in the

membrane matrix and can help in combating the carrier satura-

tion phenomena. Nonetheless, the reactions with carriers require

water to aid CO 2 transport across the membrane. Conveniently, GO

nanosheets being hydrophilic, induce the polymer chain disruption

when added to facilitated transport matrices, leading to distributed

water-rich channels and increased CO 2 solubility. These synergistic

effects of GO and mobile carriers on the gas separation properties

of such hybrid membranes rely highly on the distribution and sur-

face chemistry of the added nanosheets as well as their lateral di-

mensions in addition to the properties of the mobile carrier. 

In this work, we report the first three-phase hybrid facili-

tated transport membranes (HFTMs) in TFC hollow fiber config-

uration with outstanding separation performance. Sterically hin-

dered polyallylamine (SHPAA) was used as the facilitated trans-

port polymer matrix and GO-based 2D nanoplatelets were embed-

ded as nanofillers, which were both size-optimized and physically

modified to favour gas transport properties upon dispersion in the

membrane matrix. Water-soluble mobile carrier phases compris-

ing of CO 2 -reactive small molecules were optimized and studied

for their interaction with CO 2 . The optimal content of the mo-

bile carriers in the polymeric matrix to benefit CO 2 transport were
etermined. Ultrathin selective layers less than 200 nm were

oated as hollow fiber membranes. The fabricated membranes

ere tested for CO 2 /N 2 separation at 1.7 bar and CO 2 /CH 4 sep-

ration at elevated pressures (up to 20 bar) to simulate flue gas

nd biogas conditions, respectively. The effect of feed pressure on

O 2 /CH 4 separation properties was also studied. 

. Materials and methods 

.1. Materials 

Poly(allylamine hydrochloride) (Mw = 120,0 0 0–20 0,0 0 0) was

ought from Thermo Fisher Scientific, Sweden. 2-bromobutane

 ≥98%, Mw = 137.02) purchased from Sigma-Aldrich, Norway

as used for the synthesis of SHPAA. Graphene Oxide dispersion

2.5 wt% in water) was supplied by Graphene-XT, Italy and used as

iluted dispersions. Hydrogen peroxide (H 2 O 2 , 30% in water) used

n the synthesis of porous Graphene Oxide (pGO) was supplied

y Sigma-Aldrich, Norway. L-proline Reagentplus® ( ≥99 wt%), 1-

2-Aminoethyl) piperazine (99 wt%), 1-Ethyl-3-methylimidazolium

cetate (97 wt%) and sarcosine (N-Methylglycine) (98 wt%) were

urchased from Sigma-Aldrich, Norway. Potassium hydroxide (pel-

ets, 99.9%), polyvinyl alcohol (Mw = 89,0 0 0–98,0 0 0, 89% hy-

rolyzed), Deuterium oxide (99.9%), 3-(Trimethylsilyl) propionic-

,2,3,3-d 4 acid sodium salt (TMSP, 98%) were used as received

rom Sigma-Aldrich, Norway. Poly(p-phenylene oxide) (PPO) hol-

ow fibers used as coating supports (inside diameter of 350 μm

nd outside diameter of 540 μm) were obtained from Parker A/S

orway. CO 2 /N 2 mixture (10 vol.% CO 2 in N 2 ), CO 2 /CH 4 mixture

40 vol.% CO 2 in CH 4 ), and CH 4 (99.95%), that were used for per-

eation tests were supplied by AGA, Norway. 

.2. Methods 

.2.1. Synthesis of sterically hindered polyallylamine 

Polyallylamine hydrochloride was purified by reacting with

quivalent amounts of KOH in MeOH, precipitating KCl in a one-

tep process. Subsequently, purified PAA was modified into poly-

-isobutyl allyl amine (SHPAA) by reaction with an equivalent

mount of 2-bromobutane and KOH in MeOH at 50 °C ( Scheme 1 ).

he resulting polymer was purified by separating precipitated KCl

rystals followed by drying in a N 2 atmosphere at 60 °C. 

.2.2. Synthesis of nanofillers 

The GO dispersion as received was first diluted to 1 mg g −1 

olution followed by pH adjustment to 10 using 1M NaOH. The

iluted solution was sonicated in a bath sonicator for 30 min at

5 °C. The dispersion is then subject to ultrasonic disintegration

Vibra-Cell TM Ultrasonic Liquid Processor) at an amplitude of 60%

n an ice bath with a 3-s pulse followed by a 2-s break. This pro-

edure was carried out to simultaneously exfoliate and control the

ize of GO flakes by varying the time of operation. In this study,

he sonication was carried out for 3, 6 or 9 h, and the resulting

O flakes were referred to as GO3, GO6, and GO9, respectively.

urthermore, these size-controlled GO dispersions were then hy-

rothermally treated to introduce random non-selective pores as

escribed by Lee et al. and Xu et al. [27 , 28] . The GO dispersion was
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2  
ixed with 3 wt% H 2 O 2 solution, and the mixture was stirred vig-

rously for 10 min followed by bath sonication for 10 min. There-

pon, the mixture is treated in a Teflon autoclave for 6 h at 180 °C.

he resulting pGO dispersions derived from GO3, GO6 and GO9

amples were named as pGO3, pGO6 and pGO9, respectively. 

.2.3. Synthesis of mobile carriers 

Mobile carriers considered in this work are two amino acid

alts and an ionic liquid. Equivalent amounts of ι-proline and KOH

ere dissolved in DI water to form a solution of 10 wt% total

olids. The solution was then stirred at high speed (~800 rpm) at

oom temperature for 12 h to form potassium L-prolinate (ProK). 

Similarly, equivalent amounts of 1-(2-Aminoethyl) piperazine

nd sarcosine were stirred in calculated quantities of DI water at

oom temperature to obtain 37.7 wt% of 2-(1-piperazinyl) ethy-

amine sarcosinate (PZEA-SARC). 

1-Ethyl-3-methylimidazolium acetate ([Emim][OAc]) was dis- 

olved in DI water to form a 10 wt% solution and stirred overnight

t room temperature. 

.2.4. Coating of hollow fiber membranes 

Purified and dried SHPAA after modification was dissolved in

I water to obtain a 6 wt% solution, and the polymer solution was

tirred for at least 2 days at room temperature to obtain a clear

olymer solution. In the case of PVA, a 4 wt% solution was pre-

ared by dissolving PVA pellets in DI water at 80 °C for 4 h un-

er reflux conditions. A polymer blend of SHPAA and PVA in the

eight ratio of 9:1 was used in all the membranes. PVA was added

ue to its excellent film-forming abilities. 

For casting solution preparation, calculated quantities of poly-

er solutions were added to DI water and diluted to a casting

olution concentration of 0.15 wt% polymer. The amounts of mo-

ile carriers were reported as the composition of mobile carriers

n the total organic content (polymer + mobile carrier), while the

mounts of nanofillers, which are considered as additives to the

rganic matrix, were reported as their loadings in terms of total

rganic solid content (including the polymer and mobile carriers),

s described in Eqs. (1 ) and (2) , respectively. 

 mc = 100 ×
[

w mc 

w pol + w mc 

]
(1) 

 n f = 100 ×
[

w n f 

w pol + w mc 

]
(2) 

here w mc is the weight of mobile carrier (g), w pol is the total

eight of the dry polymer (g), and w nf is the weight of nanofiller

g). c mc is the composition of mobile carriers to the organic phase

wt%), and c nf is the loading of the nanofiller (wt%). 

For facilitated transport membranes with mobile carriers, cal-

ulated quantities of the mobile carrier solutions were first diluted

ith water followed by drop-wise addition of polymer solutions,

o that the overall solid content (polymer + mobile carrier) re-

ained at 0.15 wt%. For HFTMs, both GO and pGO nanofillers were

ispersed in SHPAA/PVA solution at two filler loadings of 0.2 wt%

nd 0.5 wt%. For HFTMs with mobile carriers, lean dispersions of

anofillers were initially prepared, followed by drop-wise addition

f both mobile carrier solutions and subsequently polymer solu-

ions in calculated quantitates. 

PPO hollow fiber membranes were used as substrates to fabri-

ate hollow fiber membranes. The chosen PPO supports have a thin

nselective skin layer that helps in coating the ultrathin selective

ayer with low molecular weight additives. The skin layer also pre-

ents pore penetration and acts as additional mechanical support

o the selective layer, especially at high pressure feed conditions.

he PPO supports were hung vertically with the ends sealed us-

ng paper clips, which also creates tension and avoids slackening
f fibers. DI water was used to wash the fibers twice to remove

ossible dust particles sticking to the surface, followed by drying

n air at room temperature. The thin selective layer was achieved

y dip coating the fibers using the casting solution in both direc-

ions at a constant low speed (in the range of 6–8 cm s −1 ) with

 time interval of 30 min between successive coating procedures.

oating in opposite directions ensures defect-free selective layer.

dditionally, the lean viscosity of casting solution owing to the low

olid content leads to uniformity of selective layer thickness inde-

endent of coating speed and filler loading. The fibers were then

ried at room temperature first, followed by drying at 60 °C un-

er vacuum for 2 h to remove residual solvent components. The

esulting fibers exhibit a shiny appearance due to the presence of

ltrathin selective layer coating. 

In order to assemble the coated hollow fiber (HF) membranes

nto a module, a few fibers (in the range of 2–5) were inserted

arefully into a pre-assembled stainless-steel HF module designed

sing ¼ inch ⅜ -inch Swagelok TM fittings. The ends were then

ealed using epoxy adhesive. The bore side of the fibers was

pened by breaking off the cured adhesive on an extension mould.

.3. Material and membrane characterization 

.3.1. Nanofiller characterization 

Fourier-transform infrared (FTIR) spectroscopy was used to de-

ermine changes in the chemical structure of the GO nanofillers

uring the ultrasound treatment. This was done by using a Thermo

icolet Nexus spectrometer equipped with a smart endurance re-

ection cell with a diamond crystal in attenuated total reflectance

ode. The spectra were built averaging 16 scans with a resolu-

ion of 4 cm 

−1 between the range of 40 0 0 cm 

−1 and 800 cm 

−1 .

he same procedure was used to study the interaction of CO 2 with

ZEA-Sarc, as the loaded solution formed solid precipitates. A 30

t% solution of PZEA-Sarc was used for the studies. For obtain-

ng spectra of nanofillers, 5– 10 mL of 1 mg g −1 dispersions of the

anofillers were dried on a microscope glass slide in the ventilated

ven at 60 °C. A clean slide was used for obtaining the background

pectra, followed by analysis with the slides containing deposited

anofillers. 

Renishaw InVia Reflex Spectrometer system was used for ob-

aining Raman Spectra of GO nanofillers using 532 nm wavelength

ncident laser in the range of 3200 cm 

−1 and 100 cm 

−1 . Laser in-

ensity was varied between 5–20% based on the response by the

amples to signal. The samples were prepared by drying a few

rops of GO/pGO dispersions on a microscopic slide followed by

rying in the ventilated oven at 60 °C. 

The GO and pGO nanosheets were imaged using a Scanning

ransmission Electron Microscope (S(T)EM, Hitachi S-5500, Hitachi

igh Technologies America, Inc., USA). The bright field detector

as used for transmission measurements. The samples were pre-

ared by dispersing a drop of dilute dispersions on 300 mesh Cu

rids (Electron Microscopy Sciences, FCF300-Cu). 

Topographic analysis of nanofillers was done using an Atomic

orce Microscope (AFM) (AFM Dimension Icon, Bruker, USA). The

amples were prepared by drying a drop of dispersion on freshly

leaved Mica sheets followed by drying at room temperature. The

maging was done in Scan Asyst QNM tapping mode using a silicon

itride tip. 

.3.2. Characterization of mobile carriers 

For the thermal stability evaluation of mobile carriers loaded

n the polymer matrices, films with various mobile carrier content

ere made and tested in a thermogravimetric analyser (TGA, TG

09 F1 Libra, Netzsch, Germany). About 10–15 mg of the samples

ere loaded in a ceramic crucible and heated at a constant rate of

0 K min 

−1 under N atmosphere (purge rate 60 ml min 

−1 ) from
2 
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Fig. 1. S(T)EM imaging of (A) GO3 and (B) pGO3. 
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o  
room temperature to 800 °C. The corresponding changes in mass

were recorded as a function of temperature. 

To identify the interactions of CO 2 with mobile carriers, liquid-

state NMR was used. The NMR experiments were performed on

a Bruker 600 MHz Avance III HD spectrometer equipped with a

5 mm cryogenic CP-TCI z-gradient probe. The obtained spectra

were analysed in the software Bruker TopSpin 4.0.7. The samples

for NMR were prepared by bubbling CO 2 at room temperature in

mobile carrier solutions (65% [Emim][OAc] in D 2 O/H 2 O; 10% ProK

in H 2 O) for a period of 24 h–48 h. Deuterated water was used as

the “lock” solvent, and TMSP was used as an internal reference

standard. The loaded ProK solution was placed in an NMR tube,

and the lock solvent was placed in an inserted coaxial insert. To

be able to lock [Emim][OAc] containing samples, this configuration

was reversed. The loaded solution was placed in a coaxial insert,

which was then placed inside an NMR tube filled with the “lock”

solvent. 

2.3.3. Membrane characterization 

Field Emission SEM APREO (FEI, Thermo Fisher Scientific, USA)

equipped with an in-lens detector under both standard and im-

mersion mode was used for structural and morphological analysis

of the membranes. Samples for cross-sectional analysis of HF were

obtained by freeze-fracturing in liquid N 2 . All samples were coated

with a few nanometers of Pd/Pt alloy prior to measurements to in-

crease the sample conductivity. 

2.3.4. Gas permeation performance 

The fabricated HF membranes were evaluated for gas perme-

ation performance using humid mixed gas permeation test rigs,

as reported in our previous studies [20 , 21] . The feed composed of

90/10 v/v CO 2 /N 2 mixture or 40/60 v/v CO 2 /CH 4 mixture. The flow

rate of the feed was 300 ml min 

−1 for the CO 2 /N 2 tests and 400–

600 ml min 

−1 for the CO 2 /CH 4 tests. The difference in feed flow

rates was mainly to recoup differences in membrane areas and tar-

geting a very low stage cut of below 5%. The sweep gas for CO 2 /N 2 

tests was CH 4 , while for the CO 2 /CH 4 tests, N 2 was used as the

sweep gas. In both cases, feed and the sweep gas streams were hu-

midified in a bubble tank before the membrane module. The shell

side of the membranes was used for the feed gas and the bore side

of the fibers was used as the permeate/sweep side. The pressure

on the feed side was maintained constant at 1.7 bar for the CO 2 /N 2 

tests and varied between 2 to 20 bar for the CO 2 /CH 4 tests. Sweep

side pressure was held at 1.02 bar. The temperature of operation

was maintained at 35 °C for all tests. The exit gas compositions

in both feed and sweep side were monitored continuously using a

calibrated gas chromatograph (490 Micro GC, Agilent, for CO 2 /N 2 

tests and MG5, SRI Instruments Inc., for CO 2 /CH 4 tests). The per-

meance of component ‘ i ’ was obtained using the following equa-

tion 

P i = 

V p ( 1 − y H 2 O ) y i (
< p i, f , p i,r > −p i,p 

)
A 

(3)

where the total permeate flow V p is in ml s −1 measured at

the exit using a bubble flow meter at steady-state conditions.

y H 2 O and y i denote the molar fraction of the water and per-

meating species in the permeate flow, respectively. Partial pres-

sures p i, f , p i, r and p i, p of the species ‘ i ’ in the feed, retentate,

and permeate, respectively, are in cm Hg −1 . p i, f , p i, r is the av-

erage of feed and retentate partial pressure. Permeance of com-

ponents are represented in GPU, where 1 GPU = 10 −6 cm 

3 (STP)

cm 

−2 s −1 cmHg −1 = 3.35 × 10 −10 mol m 

−2 s −1 Pa −1 . The sepa-

ration factor is calculated using concentrations of each component

according to the equation 

αi/ j = 

y i / x i 
y j / x j 

(4)
here y and x identify the gas content in the permeate and feed

ide, respectively. The experiments have all been performed at a

ow stage cut ( < 5%) to prevent concentration polarization phenom-

na, which reduces the influence of the module performance and

llows retrieval of the material performance. 

. Results and discussion 

.1. Characterization of GO-based nanoplatelets 

.1.1. S(T)EM 

The formation of non-selective pores in GO nanosheets through

he hydrothermal treatment is confirmed by representative S(T)EM

maging of GO3 and pGO3 as seen in Fig 1 . The 2D GO nanosheets

eem stacked into a few layers similar to the previous reports

n the literature [29 , 30] The morphology of random non-selective

ores shown in Fig. 1 B is also confirmed by previous studies

27 , 28] . 

.1.2. AFM 

The sonication-assisted exfoliation procedure was employed to

btain monolayers of GO in water dispersion. In order to ensure

he reproducibility of the method, the concentration of GO dis-

ersion was kept constant at 2 mg mL −1 , and the sample vol-

me was maintained at 300 mL for all procedures. In this study,

hree sonication durations were chosen to simultaneously reduce

he lateral dimensions during the exfoliation process. The sonica-

ion process imparts random fragmentation of 2D nanosheets in-

uced by mechanical failure of defective sp 

3 regions [31] . These

andom lacerations are followed by propagation of cracks lead-

ng to reduced flake sizes. Several studies have reported the ef-

ect of sonication time on the lateral dimensions of GO nanosheets

23 , 32–34] . Typical studies involve AFM and TEM to analyse the

istribution of flake dimensions and aspect ratios. In this study,

FM analysis revealed the presence of large flakes with lateral di-

ensions of more than 1 μm for GO3. Subsequent sonication re-

ulted in smaller flakes in the range of 40 0–80 0 nm and down

o less than 500 nm for GO6 and GO9, respectively ( Fig. 2 A–C).

ll samples were then subject to hydrothermal treatment to intro-

uce random pores. While size estimation of pGO flakes with AFM

as challenging due to their morphology, representative imaging

f pGO flakes (pGO6, Fig. 2 D) show a further reduction in flake

ize after the hydrothermal treatment. This size reduction was con-

rmed with relative increase in presence of carbonyl groups (ob-

erved from FTIR) that were exposed along the edges of the pGO

hen compared to GO. 

.1.3. FTIR 

Chemical changes in the GO nanoplatelets during the hy-

rothermal treatment process was studied using FTIR spectroscopy.

he sonication procedures barely affected the chemical structure

f the GO and pGO nanoplatelets rendering similar spectra for the
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Fig. 2. AFM imaging of representative GO nanosheets used for HF membranes of (A) GO3 (B) GO6 (C) GO9 and (D) pGO6. 

Fig. 3. FTIR spectra of pre-dried GO6 and pGO6. 
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Fig. 4. Raman Spectra at room temperature of GO6 and pGO6 on a glass slide. 
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amily of GO and pGO individually ( Figure S1 ). Previous studies

eport similar results on the chemical composition of 2D materi-

ls unaltered with the ultrasonic fragmentation process [32] . How-

ver, discernible peak changes appeared between the GO and pGO

s seen in Fig. 3 . Characteristic GO peaks include -C-O-C- alkoxy

tretching at 1050 cm 

−1 and the corresponding epoxy stretching

ibration at 1250 cm 

−1 . The peak at 1412 cm 

−1 is assigned to the

eformation of surface –OH groups [35] . Since the modification

rocess involves oxidation using hydrogen peroxide, C = O carbonyl
tretch was observed at 1723 cm 

−1 , while the other oxygen func-

ional groups were preserved [36] . Interestingly, C = C stretching vi-

rations were confirmed at 1680 cm 

−1 . These transpolyacetylene

egments indicate that the pGO modification procedure also cre-

ted stabilized end groups at grain boundaries. 

.1.4. Raman spectroscopy 

Raman spectra of thin films of GO and pGO deposited on a

lass slide were obtained to characterize the structure and qual-

ty of various GO and pGO nanofillers. Fig. 4 compares the Raman



6 S. Janakiram, J. Martín Espejo and K.K. Høisæter et al. / Applied Materials Today 21 (2020) 100801 

Fig. 5. SEM imaging of neat SHPAA/PVA membrane; the freeze-fractured hollow fiber (A) and cross-section (B). 
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spectra of representative GO6 and pGO6. The spectrum of GO6

clearly marks 4 active bands: - D band at ~1340 cm 

−1 indicating

disorder caused by graphite edges; G band at ~1570 cm 

−1 indicat-

ing in-phase vibration of sp 

2 hybridized graphite lattice [37] ; two

other weak bands ( 2D and 2D’ ) associated to 2D, which is a dis-

persive overtone of D band that also signifies the layering of the

GO nanosheets. The splitting of the original 2D band into overlap-

ping 2D and 2D’ peaks denote the presence of few-layer graphene

planes, confirming successful exfoliation of platelets both in GO

and pGO [38] . 

Two interesting signature peaks around ~1130 cm 

−1 and

~1720 cm 

−1 appeared for all pGO nanofillers. The latter is assigned

as D’ band, which is a result of double resonance Raman pro-

cess indicative of defective structure [39 , 40] . The intensity of D’

band relative to other bands is higher in all pGO samples than GO

nanofillers ( Figure S2 ), representing increased basal plane defects

in line with the expectations. The band at 1130 cm 

−1 has been sel-

dom reported in graphene. It can be assigned to transpolyacetylene

species at grain boundaries and surfaces [41] and also associated

to the presence of holes created in the GO flakes [42] after the

hydrothermal treatment. The presence of transpolyacetylene seg-

ments in pGO is also confirmed by the FTIR peak at 1680 cm 

−1 

assigned to C = C stretching frequency ( Fig. 3 ). Another important

characterization of GO quality in terms of disorderliness attributed

to sp 

3 in predominantly sp 

2 hybridization is studied using the I D /I G 
ratio. The ratio remained similar at ~1 for all GO and pGO sam-

ples, denoting no obvious reduction during the sonication or the

hydrothermal treatment process ( Figure S2 ) [43] . 

3.2. Morphology of hybrid hollow fiber membranes 

Figs. 5 and 6 show the SEM imaging of the cross-section and

the outer surface of the hollow fibers coated with the different

casting solutions. All mobile carriers formed smooth topologies in

the concentrations studied in line with observations made in our

previous study [26] . The total solid content in the casting solution

was maintained low (0.15 wt%), which resulted in an ultrathin se-

lective layer thickness of ~200 nm on the skin layer of PPO hol-

low fibers, as seen in Fig. 5 B. The facile dip-coating procedure also

ensures the in-plane alignment of GO due to shear alignment [19] .

The neat polymer membrane and a representative polymer mem-

brane containing 20% Pro-K showcased a rather smooth topog-

raphy as seen in Figs. 5 A and 6 A, B. Alternatively, the surfaces

of fabricated membranes also exhibited discernible circumferential

spots in both GO and pGO containing membranes arising from the

boundaries of the underlying platelets ( Figs. 6 C and 7 D). 
.3. Effect of mobile carriers in facilitated transport membranes 

In facilitated transport membranes, CO 2 permeates through a

eactive pathway in addition to the solution and diffusion mech-

nism [20 , 44] . The amine groups attached to the backbone of the

olymeric matrix reversibly react with CO 2 in the presence of wa-

er to transport CO 2 across the membrane. Although polymers like

olyvinylamine and polyallylamine contain a high density of amine

roups relative to the hydrocarbon content in the repeating unit of

he polymer, their contribution to increased CO 2 transport relies on

he access to the amine groups for CO 2 and the proximity to form

ontinuous channels for CO 2 reaction and transfer. In this work,

terically hindered polyallylamine polymer was chosen to increase

he accessibility of amine groups to CO 2 [45] . Nevertheless, the

mine groups are still locked in the main chain, restricting their

obility in the water-swollen matrix. Hence, to increase the dif-

usivity of these reactive species, CO 2 -philic compounds are added

n the matrix as mobile carriers [26] . The addition of these mobile

arriers not only increases the density of CO 2 -philic moieties in

he polymer matrix but also enhances the mobility of CO 2 -reacted

pecies, thus increasing CO 2 diffusivity in the host matrix. Impor-

ant characteristics of such mobile carriers for beneficial use in fa-

ilitated transport membranes include (1) low molecular weight

higher mobility), (2) high CO 2 uptake capacity, and (3) capability

f formation of weak bond with CO 2 that enhances the transport

f CO 2 through water-swollen membrane matrices (reversible CO 2 

ssociation/dissociation) and facilitate its release at the permeate

ide. 

Three different CO 2 -philic compounds were selected to be used

n this study to result in facilitated transport membranes as mobile

arriers. The host polymer matrix was loaded with miscible mobile

arriers - one ionic liquid ([Emim][OAc]) and two amino acid salts

ProK and PZEA-SARC) with varying amine chemistry. All the mo-

ile carriers are characterized with low vapor pressure and they

ave sufficient thermal stability as additives for membranes in the

onsidered CO 2 separation applications, as studied using TGA anal-

sis shown in Figure S3 . 

[Emim][OAc], a room-temperature ionic liquid, reacts with CO 2 

ia carbene route and forms a carbene-CO 2 adduct. The forma-

ion of the adduct is confirmed by NMR spectra of the CO 2 

ubbled [Emim][OAc] aqueous solution in addition to bicarbon-

te/carbonate species ( Figure S4 ). One of the main advantages of

sing [Emim][OAc] as mobile carrier compared to the other two

mino acids is that its carbene-routed interaction with CO 2 does

ot influence the viscosity of the solution, which may be beneficial

n reducing the mass transfer resistance in the selective layer upon

he sorption of CO 2 [46] . The carbene-CO 2 adduct (as shown in
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Fig. 6. Surface SEM images of membranes with (A) neat SHPAA/PVA (B) SHPAA/PVA with 20% ProK (C) SHPAA/PVA with 0.2 wt% GO6 (D) SHPAA/PVA with 0.2 wt% pGO6. 
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cheme 2 A) has also been reported to have faster diffusion despite

he bulkiness of the imidazolinium ring due to its planar molecular

tructure [47] . Additionally, the presence of water inhibits the in-

eraction of the acetate group with CO 2 to form acetic acid, which

ight result in pH changes in the system [48] . However, above an

ptimum content of 10 wt%, the ionic liquid was found to reduce

he CO 2 transport. This effect can be due to the increased concen-

ration of acetate groups that lead to pH changes upon interaction

ith CO 2 , forming acetic acid, which decreased the efficiency of

mine groups present in the host polymer matrix. Nevertheless,

t an optimal content of 10 wt%, the CO 2 permeance increased to

16 GPU with a CO 2 /N 2 separation factor of 32 ( Fig. 7 ). 

ProK (potassium L-prolinate), a secondary amino acid, reacts

ith CO 2 to form carbamate and bicarbonate/carbonate species

49] . The presence of these species formed upon interaction with

O 2 with the mobile carrier (represented in Scheme 2 B) was iden-

ified by NMR studies ( Figure S5 ). Studies indicate that the for-

ation of carbonate/bicarbonate species is more favoured in ProK

han the carbamate intermediate due to the steric hindrance ef-

ect [49 , 50] . Increasing the content of ProK mobile carrier led to

ncreasing CO 2 permeance from 407 GPU to 730 GPU at 20 wt%

ith no significant change in CO 2 /N 2 separation factor, as seen in

ig. 7 . Further addition led to marginal changes in CO 2 permeance,

hich can be attributed to small changes in the thickness of the

elective layer with increasing solids in coating solutions [26] . 

PZEA-Sarc is an amino acid salt containing one primary amine,

wo secondary amines (one from sarcosine) and one tertiary

mine. CO 2 interacts with this mobile carrier to form primary and
econdary mono-carbamates ( Scheme 2 C). Unlike both ProK and

Emim][OAc] where liquid state NMR was used for analysis, PZEA-

arc crystallized to form semi-solid precipitates upon saturation

ith CO 2 at 30 wt% concentration in water. Lower reaction time

ed to undetectable CO 2 -loaded compounds in NMR. Hence, FTIR

tudies were carried out to study the interaction instead of 1 H

nd 

13 C NMR with solid precipitates. The presence of carbamate

pecies in aqueous solutions is confirmed by the spectra. ( Figure

6 ). The addition of PZEA-SARC increased the CO 2 permeance only

t a high content of 30 wt% to 635 GPU when compared to ProK

nd [Emim][OAc] which can be attributed to more stable and bulky

arbamates formed with the interaction of CO 2 and the increased

iscosity of CO 2 -loaded mobile carriers. 

.4. Effect of nanoplatelets in facilitated transport membranes 

Homogeneous dispersions of GO and pGO with varying lateral

imensions enabled successful coating of HFTMs and the resulting

embranes were evaluated for CO 2 /N 2 separation performances.

he resulting gas separation performances of hybrid membranes at

wo different loadings (0.2 wt% and 0.5 wt%) are summarised in

ig. 8 . 

Under optimized conditions, both GO and pGO platelets serve

n creating fast transport channels for CO 2 due to increased

orption and water channel redistribution due to their large as-

ect ratio. GO3 is characterized with the highest average lat-

ral dimensions (larger than a micron), and hence the barrier ef-

ect contributed to decreased CO permeance at both loadings
2 
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Scheme 2. Interaction of the three mobile carriers with CO 2 (A. [Emim][OAc]; B. ProK; C. PZEA-Sarc). 

Fig. 7. CO 2 /N 2 mixed gas permeation performance of various facilitated transport 

membranes as a function of mobile carrier content measured at 35 °C, 1.7 bar. 

(Filled shapes denote CO 2 permeance and empty shapes denote corresponding 

CO 2 /N 2 separation factors). 
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of nanosheets ( Fig. 8 A). The corresponding pGO3 at 0.2 wt%,

however, increased the CO 2 permeance marginally to 470 GPU

due to a drop in the resistance to gas transport due to in-

plane pores ( Fig. 8 B). The further addition of fillers leads to

a drop in CO 2 permeance, which can be attributed to the in-

creased barrier effect of GO due to the larger nanosheet size.

GO6 and pGO6 hybrids exhibited a sharp increase in CO 2 

permeance at 0.2 wt% to 530 GPU and 780 GPU, respectively

( Fig. 8 A and B). This phenomenon can be attributed to the op-

timal lateral dimensions of the GO platelets studied. Pristine GO

nanosheets are renowned for their barrier efficacy as their high as-

pect ratio inflict resistance to gas transport. Hence in hybrid ma-

trices, the average platelet size plays a pivotal role. For instance,

large-size GO effectively imparts changes in polymer- or polymer-

GO interface in favour of gas transport, but also simultaneously in-

creases barrier effect for gas transport by increasing the diffusion

pathways. On the other hand, a similar effect can be expected in

the corresponding pGO nanofiller, which, however, offers reduced

resistance to CO 2 transport through the non-selective pores while

the preserved 2D structure still imparts property changes in poly-
er chains in the surrounding environment. Additionally, the in-

reased exposure of edge groups can also contribute to higher CO 2 

ffinity. The amount of these edge groups is inversely proportional

o the average lateral dimensions [51] . Consequently, the appropri-

te average lateral dimensions of GO6 and pGO6 present the op-

imal effect, leading to higher CO 2 permeance when compared to

he other fillers at the same loading. 

Thus, the composition of 0.2 wt% nanofiller marked optimal

anosheet dimensions and loading where the exposition of edge

roups and disruption of chain packing (which is dependent on

ake size and dispersion) reach the maximum, simultaneously

vercoming the barrier resistance to gas permeation induced by

he GO/pGO basal planes. Under these conditions, the nanosheets

orm continuous CO 2 permeation pathways along the fairly long

O 2 -philic GO/pGO surface with reoriented water channels sur-

ounding the 2D structure. Further loading of both these fillers re-

ulted in a drop in CO 2 permeance as the volume fraction of GO

hase increases. Both GO9 and pGO9 resulted in increased CO 2 

ermeance at all loadings; this phenomenon may be due to the

mallest average flake size and better dispersion in the polymer

atrix. However, the smaller flake sizes inhibit the formation of

ontinuous permeation pathways similar to GO6/pGO6 nanosheets.

ence CO 2 transport in these hybrids is reliant mainly on the poly-

er property changes as discussed earlier. Interestingly, at 0.2 wt%

oading, all hybrids (both GO and pGO) had little influence over

O 2 /N 2 selectivity. This can be attributed to the low volume frac-

ion of nanosheets in the hybrids to effectively hinder permeation

f N 2 with longer transport pathways circumventing the laminates.

nder high loading of 0.5 wt%, all GO-based hybrids showcased

 marginally increased CO 2 /N 2 selectivity (from 32 to 38) owing

o higher effective resistance to N 2 permeation when compared to

O 2 ( Fig. 8 A). The corresponding pGO hybrids had a similar effect

n CO 2 /N 2 selectivity, although to a lesser extent, due to the pres-

nce of non-selective pores. 

.5. Three-phase hybrid facilitated transport membranes for CO 2 

eparation 

In an attempt to leverage the advantage of mobile carriers in

FTMs, 0.2 wt% of pGO was dispersed in a polymer matrix con-

aining 10 wt% [Emim][OAc] and 20 wt% ProK. The compositions

ere chosen according to the optimal composition detected in the
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Fig. 8. CO 2 /N 2 mixed gas permeation performance of various hybrid membranes containing (A) 0.2 wt% GO and 0.5 wt% GO (B) 0.2 wt% pGO and 0.5 wt% pGO measured at 

35 °C. 

Fig. 9. Mixed gas permeation performance of various HFTMs measured at 35 °C for (A) CO 2 /N 2 gas pair at 1.7 bar and (B) CO 2 /CH 4 gas pair at 2 bar. 
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xperiments and reported in the previous sections. The resulting

hree-phase HTFMs had a small increased performance for CO 2 /N 2 

eparation only in the case of ProK containing membranes, increas-

ng the CO 2 permeance up to 810 GPU as seen in Fig. 9 A. This

henomenon can be a result of increased reactive species making

se of distributed water channels made available by the pGO fillers

n the polymer matrix. Such behaviour is better pronounced with

O 2 /CH 4 separation performances, as seen in Fig. 9 B. For these

ests, the feed gas consisting of 40/60 v/v CO /CH mixture was
2 4 
sed, mimicking typical biogas composition [52 , 53] . Both mobile

arriers containing membranes were characterized with a marked

ncrease in CO 2 permeance while the CO 2 /CH 4 separation factor re-

ained constant around 20. The HFTM containing 0.2 wt% pGO6

ith 20% ProK peaked at a CO 2 permeance of 825 GPU with a

O 2 /CH 4 separation factor of 20, while the neat polymer had a

O 2 permeance of 497 GPU with a CO 2 /CH 4 separation factor of

1 at a feed pressure of 2 bar. The corresponding HFTM contain-

ng 0.2 wt% pGO6 without mobile carriers was limited to 727 GPU
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Fig. 10. CO 2 /CH 4 mixed gas permeation performance of various 0.2 wt% HFTMs measured at 35 °C. 
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with CO 2 /CH 4 feed gas mixture. A similar increase in CO 2 perme-

ance of 10% [Emim][OAc] containing membrane up to 782 GPU was

observed. The mobile carriers containing membranes exhibited an

increased CO 2 permeance at the total upstream pressure of 2 bar

with the CO 2 /CH 4 feed mixtures due to the increased partial pres-

sure CO 2 and lower stage cut (higher feed flow). 

3.6. Influence of feed pressure in hybrid facilitated transport 

membranes 

Investigating the effect of feed pressure on the permeation per-

formance of a facilitated transport membrane is a common ap-

proach to examine the carrier saturation phenomenon, the char-

acteristic feature commonly used to confirm the facilitated trans-

port mechanism. It also allows to explore the membranes for ap-

plications at elevated pressures, like biogas upgrading, natural gas

sweetening and pre-combustion CO 2 capture, which aids in opti-

mizing process design of membrane-based separation units [52] . 

Herein, the effect of feed pressure on the CO 2 /CH 4 separation

performance of the fabricated three-phase HFTMs was studied by

varying feed pressures. The upstream pressure was increased from

2 bar to a maximum of 20 bar. Increasing feed pressure led to fur-

ther distinguishable separation performance based on the compo-

sition of HFTMs. Facilitated transport membranes are characterized

with carrier saturation phenomenon at a high partial pressure of

CO 2 in the feed. Since the availability of fixed CO 2 carriers (amine

groups) in the polymer matrix is limited, increasing CO 2 partial

pressure in the feed gas leads to carrier saturation, hence decreases

the CO 2 permeance. Consequently, in all the systems discussed in

this work, increasing pressure in the feed side reflects a drop in

permeance of CO 2 , as seen in Fig. 10 , which is observed for typical

facilitated transport membranes [25] . Interestingly, the membranes

with loading 2D fillers, both GO6 and pGO6, exhibited increased

resistance to carrier saturation phenomenon, especially at the pres-

sures of 5 bar and 10 bar, which can be attributed to increased wa-

ter retention due to reinforcement of matrix by the high aspect ra-

tio nanosheets. Thus, the corresponding CO 2 permeances remained

at 340 GPU and 450 GPU when compared with neat polymer at

300 GPU at 5 bar, which is typical operating pressure for biogas

upgrading [54] . However, this resistance seemed to be less promi-

nent at the higher pressures of 15 bar and 20 bar where neat poly-

mer recorded higher permeances. This behaviour can be attributed

to CO 2 -induced swelling in the neat polymer, which is possibly de-

layed in all nanofiller-containing HFTMs due to distributed polymer
hain packing. Regardless, the three-phase HFTMs that contained

obile carriers showcased further resistance to the carrier satu-

ation phenomenon due to the increase of available CO 2 carriers,

s expected. The effect remains evident across the entire pressure

ange of testing for both 10 wt% [Emim][OAc] and 20 wt% Pro-K

oaded membranes. These membranes showcased a CO 2 perme-

nce of 463 GPU and 468 GPU and CO 2 /CH 4 separation factors of

4 and 25, respectively, at 5 bar. 

. Conclusions 

Three-phase hybrid facilitated transport membranes containing

O-based 2D fillers and CO 2 -philic mobile carriers in ultrathin se-

ective layers were successfully fabricated and tested. GO-based

llers were found to benefit HFTMs to increase the CO 2 separa-

ion properties depending on their lateral dimensions and loading.

GO fillers derived from size-optimized GO nanosheets enhanced

O 2 permeation effectively at a loading of 0.2 wt%. These HFTMs

ere characterized with a high CO 2 permeance of 780 GPU and

 corresponding CO 2 /N 2 separation factor of 30. Facilitated trans-

ort membranes with mobile carriers that reversibly react with

O 2 were also fabricated as TFC hollow fibers. It was found that

he mobile carriers ProK and [Emim][OAc] were able to improve

he separation performance of the SHPAA/PVA membrane due to

heir high mobility and reversible interaction with CO 2 to form bi-

arbonate/carbonate species and carbene-CO 2 adducts, respectively.

s a new concept, three-phase hybrid facilitated transport mem-

ranes were fabricated and the resulting membranes exhibited a

O 2 permeance of 825 GPU. These membranes were evaluated for

oth CO 2 /N 2 and CO 2 /CH 4 gas pairs and the separation factor was

ound to be 31 for CO 2 /N 2 and 20 for CO 2 /CH 4 . Due to the rel-

tive increase in the content of CO 2 -philic species and reinforce-

ent with the addition of pGO, these three-phase HFTMs were

table for feed pressures of up to 20 bar and exhibited increased

esistance to carrier saturation phenomena. This high stability and

as separation performance, when combined with easily scalable

ollow fiber configuration, establishes the commercial viability of

he fabricated membranes for CO 2 separation applications. 
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