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HIGHLIGHTS

® GO and GO-TiO, nanofillers were in-
corporated in polyamide nanocompo-
site membrane.

® Improved water vapor permeance was

obtained from GO and GO-TiO, na-
nofillers incorporated TFN mem-
branes.

were obtained for water vapor se-
paration.

® GO-TiO, shows superior water vapor

permeance than GO.

® Functionalized GO could improve
water vapor permeation even further.

Highly hydrophilic TFN membranes
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GRAPHICAL ABSTRACT

GO and GO-TiO, incorporation in TFN membrane by interfacial polymerization for excellent water vapor se-
paration performance.
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ABSTRACT

Graphene oxide (GO) and its composite with TiO, (GT) were utilized as nano-filler materials to prepare highly
permeable and water vapor selective nanocomposite membranes. The nano-fillers were characterized using
different analytical tools to determine their physicochemical properties. Nanocomposite membranes were pre-
pared by dispersing the nano-fillers in aqueous phase monomer solution for interfacial polymerization reaction
on the inner surface of Polysulfone hollow fiber membrane. Surface morphology and bonding chemistry of the
nanocomposite membrane was analyzed using various analytical tools. The two types of nano-fillers were
compared for their compatibility with the polyamide matrix, and consequently, the water vapor separation
performance of the resulting membrane. Results revealed that both the nano-fillers are firmly attached to the
polyamide layer via hydrogen and covalent bonds. GT based membranes have higher surface roughness and
better hydrophilicity as compared to GO. In addition, GT membranes have more carboxyl groups and lesser
degree of cross-linking due to the interference with interfacial polymerization reaction. This leads to a higher
permeance (2820 GPU) and a water vapor/nitrogen selectivity when compared to other TFN membranes
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reported in literature. The nano-fillers act as active sites for preferential transport of water vapor molecules
through the membrane thereby, significantly improving water vapor permeance.

1. Introduction

Water vapor is a dominant greenhouse gas. In clear skies, the con-
tribution of water vapor to the greenhouse effect is approximately 60%,
followed by carbon dioxide (~25%), ozone (~8%) and other trace
gases [1]. With the amount of carbon dioxide that exists in the earth’s
atmosphere, increasing water vapor content (relative humidity) am-
plifies the heat trapping effect of CO,, thus resulting in a potent impact
on global warming. An enormous amount of water vapor is released
into the atmosphere by a number of industries including power plants
and chemical factories. This gradual moistening of the earth’s tropo-
sphere has increased the global warming effect of CO, by two folds [2].
With the increased use of greener technologies to curb CO, emissions,
there is also a greater need to address the water vapor emissions from
man-made sources. In addition to large industrial units such as cooling
towers, removal of water vapor is also crucial in applications such as
dehumidification and air conditioning of buildings [3].

Currently, water vapor is removed from industrial cooling towers
and air dehumidification units by a number of techniques such as de-
siccant drying [4], gas condensation [5], and membrane technology
[6]. Among these, the polymeric membrane technology has been
commercially implemented since the 1970’s due to its smaller footprint
and relatively simple operation [6]. Separation is achieved using
membranes that have a dense top layer and a porous support. Thin film
composite (TFC) and nanocomposite (TFN) membranes meet these re-
quirements. These composite membranes are mostly prepared through
an interfacial polymerization (IP) reaction of two or more monomers on
the surface of a porous polymeric support. Research on TFC membranes
for gas separation surged after Cadotte et al. [7] proposed interfacial
polymerization (IP) as a feasible method to prepare a selective poly-
amide layer [7]. The polyamide layer possesses desirable characteristics
such as mechanical strength, chemical resistance, and thermal stability
coupled with high selectivity which is essential in gas separation [8].
The major aim in gas separation membranes is to overcome the upper
limit of permeance-selectivity trade-off curve, commonly known as the
‘Robeson Plot’. With the optimum reaction conditions already known
for TFC membranes, [9-11] it is becoming increasingly difficult to
overcome this upper bound.

A new path towards developing the next generation of composite
membranes was introduced when Jeong et al. successfully demon-
strated that adding Zeolite A nanoparticles in the polyamide matrix
during the IP reaction can give highly permselective thin film nano-
composite membranes for reverse osmosis application [12]. Nano-
particles inclusion in the polyamide layer makes it much easier to
control its properties because of the high surface area and surface en-
ergy of nanoparticles [13]. Highly permeable and selective gas se-
paration membranes can be produced by simply tuning the type of
nanoparticles, their size, and surface chemical properties.

Wide variety of nanomaterials have been used as nano-fillers for gas
separation membranes. A filler material shall ideally have a small size
(< 100 nm) because most polyamide layers are of hundred nanometers
thick. Furthermore, it should also be compatible with the polyamide
matrix by forming covalent bonds. Recently, Gao et al. synthesized
polyethyleneimine grafted ZIF-8 particles for CO, separation [14]. The
modified porous ZIF-8 particles were found to have better compatibility
with the polymer matrix while maintaining high permselectivity.
Shamsabadi et al. proposed TiO, nanoparticles as nano-fillers for CO,/
N, separation membranes [15]. Similarly, other nanomaterials such as
carbon nanofibers and nanotubes [16,17], silica [18], and metal or-
ganic frameworks [19,20] have been used as filler materials for gas
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separation membranes because of their tunable properties and pore
structures. Recently, researchers have shown that incorporating gra-
phene oxide in the polyamide layer for CO, separation results in an
acceptable permeance and selectivity trade-off [21,22]. Apart from
above mentioned applications, membranes are widely used in solar
cells and batteries [23,24]. Applying phase inversion method Li et al.
prepared porous membranes using polyetherimide with tunable mor-
phology and for lithium-ion batteries (LIBs) [25]. Recently researchers
have also developed different eggshell membranes for lithium-ion bat-
tery along with membranes for vanadium redox flow battery applica-
tions [26,27].

However, the use of nanoparticles in TFN membranes is mainly
limited to conventional gas separation applications such as CO5/N,,
CO,/CH4 etc. In our previous work, we have demonstrated that func-
tionalized silicon nanoparticles (15-20 nm) are resistant to agglom-
eration at low concentrations and exhibit high water vapor permeance
and selectivity [28]. Similarly, in previous research, used TiO, nano-
particles and acid activated bentonite clay to fabricate highly hydro-
philic nanocomposite membranes for improved water vapor permeance
[29,30]. Use of new nanomaterials for gas separation applications is
essential in order to overcome the trade-off between permeance and
selectivity.

In this work, we have improved the water vapor permeance and
selectivity of TFN membranes by utilizing two types of nano-fillers. We
have incorporated graphene oxide (GO) and Graphene oxide-TiO5 (GT)
as a filler material in the polyamide selective layer. GO has gained wide
spread attention because of its abundant hydroxyl and carboxyl groups
that form hydrogen networks with water molecules [31]. Furthermore,
graphene oxide has a better dispersion in water and polar solvents
which makes it easier to be used in IP reaction [32]. GO based TFN
membranes have already been shown to increase the water perme-
ability for nanofiltration applications [33-35]. In addition, when cou-
pled with TiO, nanoparticles, GO-TiO, composites have further in-
creased the membrane separation performance [36]. The synergistic
effects of using two nanomaterials at once can lead to an improved
water vapor separation. Herein, we examine how GO and GO-TiO, af-
fects the polyamide layer and its bonding chemistry. The aim is to in-
crease the water vapor permeance and selectivity while adding only
minimum amount of nano-fillers. It is hoped that the findings of this
research will contribute to a deeper understanding of the nanomaterials
and their interaction with water vapor.

2. Experimental
2.1. Materials

Polysulfone ultrafiltration hollow fiber membranes, having an outer
diameter of 1400 um and inner diameter of 1000 um, were obtained
from Guiyang Shidai Huitong Film Technology Co. Ltd. China. The
molecular weight cut-off of the purchased membranes was 8000 Da.
Graphene oxide dispersion solution in H,O (2mg/ml, GO), TiO, na-
noparticles (average particle size ~70nm), m-Phenylenediamine
(99%, MPD) and 1,3,5-Benzenetricarbonyl trichloride (98%, TMC)
were purchased from Sigma-Aldrich. n-Hexane (95%), which was used
as the solvent for TMC, was purchased from Duksan Pure Chemicals.
Deionized water was obtained from a Millipore (Milli-Q) water pur-
ification system. All the chemicals were used as received. Pure Nitrogen
gas (99.99%) for the inside coating system and the water vapor per-
meation test was purchased from Safety Gas Korea.
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2.2. Preparation of GO-TiO, composite

As-received graphene oxide solution was sonicated for 1h to fully
exfoliate the GO sheets. Afterwards, the graphene oxide-TiO, composite
was prepared by dispersing TiO, nanoparticles in GO solution. Weight
of TiO, nanoparticles was carefully measured using an electronic
weight balance before adding to the GO solution in 3:2 (GO:TiO,) ratio.
Excess GO suppresses the photocatalytic activity of TiO, and also helps
in preventing its leaching out due to the increased interaction with GO
nano-sheets. The mixture was stirred continuously for 24 h at ambient
conditions followed by sonication for 2 h. The resulting mixture showed
uniform dispersion, Fig. S1 (Supplementary information). It is well
known that TiO, nanoparticles are well-dispersed and uniformly at-
tached onto the surface of graphene oxide sheets under ultrasonic
conditions [37]. This method gives increased interaction between the
nanoparticles and GO sheets resulting in a higher surface area.

2.3. Preparation of nanocomposite polyamide (PA) layer

Five hollow fiber membranes were bundled together and inserted in
a 30cm long cylindrical module. Both ends of this 1inch diameter
module were sealed using a polyurethane epoxy. The excess epoxy on
both sides was cut to expose the tube side of the fibers. Monomers for
interfacial polymerization reaction were prepared by dissolving 2.0 wt
% MPD in deionized water and 0.2 wt% TMC in n-Hexane. Two sets of
nanocomposite membranes were prepared in this experiment: GO and
GT based TFN membranes, where GT stands for GO-TiO,. For the first
set (GO based nanocomposite membranes), the sonicated graphene
oxide dispersion solution was added to the aqueous phase monomer in
various concentrations with respect to MPD. Similarly, for the second
set (GT based nanocomposite membranes) GO-TiO, dispersion solution
was added to MPD solution under constant stirring at room tempera-
ture. The MPD solution containing the nano-fillers was further soni-
cated for 1h to ensure a uniform dispersion. All the membranes were
washed with deionized water and subsequently dried using N, gas to
remove any dirt or preservative chemicals. The cylindrical modules
were then mounted on an inside coating machine to fabricate nano-
composite layer on the inner surface of hollow fiber membranes. The
coating conditions were kept the same for both sets of TFN membranes.
MPD solution containing the nano-fillers was first fed from the tube side
of the module for 10 mins followed by N, gas purging for 3 mins to
remove the excess monomer. Next, the TMC solution was fed from the
tube side for 5 mins and the excess monomer was dried by purging N,
gas for 3 mins. Heat treatment of the membrane modules was per-
formed at 70 °C for 10 mins in order to further strengthen the newly
formed polyamide layer.

Graphene oxide based TFN membranes were named GO (conc.) and
the GO-TiO, based TFN membranes were named as GT (conc.) where
the concentration in weight % of the nano-fillers is mentioned in the
parenthesis. The experimental parameters for the preparation of na-
nocomposite membranes is outlined in Table 1.

2.4. Physicochemical characterization of thin film nanocomposite
membranes

Polyamide nanocomposite membranes were characterized using
various analytical tools. The amide functionalities in the membrane
were identified by attenuated total reflectance Fourier Transformed
infrared spectroscopy (ATR-FTIR) performed on ALPHA-P Spectrometer
(Bruker Optik GmbH) in the wavenumber range 600-4000 cm ™ L. The
inner surface of hollow fiber membrane was exposed such that the
nanocomposite layer faced the ATR diamond crystal. GO and GO-TiO,
nanoparticle composites were visualized using high-resolution trans-
mission electron microscopy (HR-TEM) performed on JEM-2100F (HR)
advanced Field Emission Electron Microscope. Nano-fillers were vi-
sualized by putting a droplet of respective solutions on a copper mesh
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holder and letting the water evaporate under ambient conditions. Field
emission scanning electron microscopy (FE-SEM) was performed on
Nova NanoSEM 450 (FEI, USA) equipped with energy dispersive X-ray
spectroscopy (EDX) Quantax 200, Bruker. Cross-section morphology of
the nanocomposite hollow fiber membranes was visualized by freezing
the internal structure of fibers in liquid nitrogen before placing them on
the sample holder. Before taking FE-SEM images, all the samples were
sputter coated with a thin layer of gold using SCD 040 (Balzers Union,
Liechtenstein). Atomic force microscopy (AFM) was performed on
XE-100 (Park Systems, South Korea) to analyze the surface roughness
profiles of the nanocomposite membranes. The data was obtained in
terms of average surface roughness (R,), maximum surface roughness
(Rmax), root mean square surface roughness (Ry), and geometric surface
area. Surface hydrophilicity was analyzed by sessile-drop technique
using Phoenix 300 Plus (SEO Co. Ltd.) water contact angle analyzer
which used deionized water as the probe liquid. Hollow fiber mem-
branes were cut open and the nanocomposite polyamide layer was
exposed to the micro-syringe of the analyzer. A deionized water droplet
of 3L was dispensed electronically from the micro-syringe. Contact
angle of the droplet was measured at five different locations for two
different membranes and the average of left and right angle was taken.
All the measurements were taken 15s after the droplet touched the
surface. Measurements were conducted in a controlled environment to
negate the effects of temperature and humidity. However, the contact
angle alone is not sufficient to accurately quantify the hydrophilicity of
the membranes because of the varying surface morphology, porosity
and capillary effects [10]. Therefore, the surface hydrophilicity was
quantified using solid-liquid interfacial free energy (—AGg;) that in-
creases as a function of hydrophilicity. Modified Young-Dupre equa-
tion, Eq. (1), calculates the interfacial free energy of a surface using the
average water contact angle (0) in degrees, surface tension of water (yy,
72.8 mJ/m?) and relative surface area (A) [38]. Relative surface area is
the ratio of the actual surface area obtained by AFM, to that of the area
of a smooth surface of the same dimensions.

] @

Surface chemical composition of the TFN membranes was analyzed
using X-ray photoelectron spectroscopy (XPS) on MultiLab 2000 spec-
trometer (Thermo Electron Corporation, England). Monochromatic
Aluminum K, radiation was used as the X-ray source with a char-
acteristic energy of 1485.6 eV, running at 150 W with constant analyzer
pass energy of 160 eV. High resolution XPS scan was conducted for C,
N, and O atoms with a resolution of 0.1 eV. Calibration for the binding
energy was done using Carbon (1s) 285eV as a reference standard.
Thermal stability of the nanocomposite membranes was characterized
by thermal gravimetric analysis (TGA) performed on a SDT Q600 (TA
Instruments, USA). The samples were heated from room temperature to
800 °C in a N, atmosphere at the heating rate of 10 °C/min. For all the
analysis techniques, a minimum of three membrane samples were taken
to achieve reproducible results.

1+ cos@

—AGgy, = VL[ A

2.5. Water vapor mixed gas permeation experiments
The water vapor permeation tests were conducted on the setup

Table 1
Experimental conditions for interfacial polymerization reaction.

Membrane name GO/GT concentration (wt%) with respect to MPD

GO or GT (0.05) 0.05
GO or GT (0.1) 0.1
GO or GT (0.2) 0.2
GO or GT (0.5) 0.5
GO or GT (1.0) 1.0
GO or GT (2.0) 2.0
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which is described in detail in our previous work [39]. A schematic
diagram of the mixed vapor/gas permeation setup is also shown in Fig.
S2 (Supplementary information). Briefly, water vapor and nitrogen gas
were mixed according to the desired humidity level and fed to the
membrane module through the shell side. The feed pressure was
maintained at 3.0 kg-f/cm? using a back pressure regulator. The relative
humidity of feed gas was increased by increasing the flow rate of the
carrier gas (water vapor/N, mixture) at the expense of dilution gas
(pure N») while keeping the feed flow rate constant at 1000 cm®/min.
Relative humidity and gas temperature was measured at feed and re-
tentate sides using humidity and temperature transmitter (HMT), Probe
type 344 Vaisala Oyj, Finland. The pressure at permeate stream was
maintained at 0.2kg-f/cm? using a vacuum pump. Flow rate at the
permeate stream was measured after it passed through a cold trap (CTB-
10 JEIO Tech., Korea) using a bubble flow meter (Gillibrator, USA). All
the permeation experiments were carried out at 30 °C by keeping the
membrane module in a temperature controlled oven and preheating the
gas before it enters the module. All the measurements were taken once
the system reached a steady state.

Water vapor permeance and selectivity were calculated using a
procedure described in detail elsewhere [40]. Briefly, the flow rate at
permeate stream was converted into flux by dividing it with effective
membrane area (40.8 cm?). The resulting flux was converted to per-
meance by dividing it with partial pressure difference between feed and
permeate sides. The permeance is reported in gas permeation unit,
GPU, where 1 GPU =1 x 10~ %cm?® (STP)/(cm®.s.cmHg). The water
vapor/N, selectivity was obtained by taking a ratio of water vapor
permeance to N, permeance.

3. Results and discussion
3.1. Characteristics of the thin film nanocomposite membranes

3.1.1. ATR-FTIR

FTIR spectra of the pristine Polysulfone ultrafiltration membrane
and the thin film nanocomposite membranes are presented in Fig. 1.
Typical infrared spectra showing the characteristic peaks of Polysulfone
(PSf) were obtained in accordance with the reported literature [41].

Chemical Engineering Journal 373 (2019) 1190-1202

The peaks at 1580 cm ™' and 1486 cm ™" are assigned to the aromatic
C—C stretching of the sulfone group, 1323 cm ™' and 1293 cm ™! are
characteristic peaks of asymmetric SO, stretching vibration, the peak at
1250 cm ™" can be assigned to the C—O—C stretching of the aryl ether
group and the characteristic peak at 1150 cm ™' is assigned to the
symmetric O=S=0 stretching of the sulfone group. Moreover, the
peak ~ 830cm ™! is assigned to the in-phase-out-of-plane hydrogen
deformation of para-substituted phenyl group [41].

The infrared spectra of GO was also collected and is shown in Fig. S3
(Supplementary information). The broad absorption band at
~3420 cm ™! is assigned to the ~OH groups, the peaks at ~1723 cm ™!
and ~1630cm ™! are attributed to C=O stretching vibration of car-
boxyl and carbonyl moieties functional groups. The two absorption
peaks at ~1220cm~! and ~1044cm™' are characteristic C—O
stretching vibrations [42].

The infrared spectra of the nanocomposite membranes in-
corporating GO and GO-TiO, are also shown in Fig. 1. The character-
istic absorption peaks of polyamide appeared at 1660cm !,
1610cm™!, and 1540cm™!, which are attributed to the C=O
stretching vibrations (amide I), aromatic ring breathing (N—H
stretching of the amide) N—H bending (amide II), and C—N stretch of
the amide, respectively [43]. The absorption peak that is only present in
nanocomposite membranes appears at 1450 cm ~ ! and can be attributed
to the carboxylic acid group (C=O stretching/O—H bending of car-
boxylic acid). This peculiar absorption band appears in nanocomposite
membranes because the acid groups of TMC hydrolyze and form car-
boxyl acid groups. Interestingly, a weak absorption band at 1580 cm ™!
only appears in membranes GO (2.0) and GT (2.0). This band can be
related to the C=C aromatic stretching which arises due to compara-
tively higher concentration of graphene oxide in the TFN membrane.
The broad absorption band at around 3300 cm ™! is attributed to the
stretching of hydroxyl groups attached to the basal plane of GO. An-
other interesting absorbance peak appears at 1735cm ™' in GO (2.0)
spectra. This band is associated with C=O0 stretch of ester. The for-
mation of ester is due to the interaction of GO and carboxyl groups of
TMC, as shown in Fig. 2 [44]. This is because of the interference in
interfacial polymerization reaction. The functional groups on GO nano-
sheets react with the carbonyl group of TMC thus depleting the

1610 cm” 1540 cm™
1
1660'cm \\\* #1450 cm™
GT(2.0)
= foreo~
=' GT (0.05
= (0.05)
o
w =1
4 1735 cm
£ |oen s
S
a
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P X e S,
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—__/\R
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Fig. 1. ATR-FTIR spectra of pristine Polysulfone
membrane and nanocomposite membranes prepared
by interfacial polymerization of MPD (containing
GO/GT) and TMC. The existence of polyamide layer
is confirmed by the presence of absorbance bands at
1660cm™! (C=0), 1610cm™! (N—H) and
1540 cm ™" (C—N).
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haall i

Nanocomposite
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Fig. 2. Schematic diagram showing the interfacial polymerization reaction between MPD (containing nano-fillers GO and GT) and TMC. The resulting polyamide

structure contains both cross-linked and linear portions.

availability of TMC for IP reaction. This results in a lesser degree of
cross-linking in the polyamide layer.

The interaction of GO nano-sheets and TiO, nanoparticles is via
hydrogen bond between Ti** and the carboxyl groups of GO [45,46].
Another mechanism reported in literature is the formation of Ti—O—C
bonds by condensation of hydroxyl groups of TiO, and functional
groups of GO [47,48].

3.1.2. Microscopy and contact angle

FE-SEM and TEM images of GO and GO-TiO, nanoparticles are
presented in Fig. 3. It can be observed from the TEM images that the
TiO, nanoparticles are more or less uniformly dispersed in GO solution.
The average size of nanoparticles is ~ 70 nm as calculated from the
TEM images. The uniform dispersion of the TiO, nanoparticles in the
graphene oxide matrix is of vital importance because otherwise, the
particles will agglomerate and have a negative impact on the water
vapor permeation.

Cross section images of GO and GT membranes are presented in
Fig. 4. The polyamide layer is differentiated from PSf substrate by a
yellow line. This line is not an accurate measure of the polyamide
layer’s starting point but just a guide to the eye. A thin and dense
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polyamide layer can be clearly seen in the SEM images. The layer
thickness is very hard to estimate because the surface roughness of the
TFN membranes is higher than TFC membranes making it difficult to
identify the edges. Furthermore, the polyamide layer starts from inside
the surface pores of the PSf (as shown in schematic diagram of Fig. 2)
and hence a clear boundary is hard to determine. SEM cross-section
images of both the GO and GT membranes remain almost similar as a
function of nano-filler concentration except at 2.0 wt%. At this con-
centration, the SEM cross-section image resembles that of a TFC
membrane. For comparison, SEM image of a typical TFC membrane
prepared using the same monomers is shown in Fig. S4 (Supplementary
information). The change in cross-section morphology at higher con-
centration of GO and GT could be because of the agglomeration of
nanoparticles. Nanoparticles readily agglomerate at higher concentra-
tions because of their high surface energy and inter-particle interactions
resulting in a diminished functionality. This can result in a hindrance
for the MPD molecules to diffuse to the interface to form a polyamide
layer. As a consequence, the nano-fillers are unevenly distributed across
the polyamide film. Another explanation is that the GO nano-sheets are
known to interact with the amines of MPD by hydrogen bonding, which
results in interference in the interfacial polymerization reaction [44].
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Fig. 3. FE-SEM and high resolution TEM images of GO nanosheets and GO-TiO, nano-filler. The TEM images reveal that the TiO, nanoparticles are uniformly

attached to the GO sheets.

The reaction mechanism for the formation of polyamide layer on a
membrane surface is well studied and reported in literature [10,11]. In
the first step when MPD is allowed to flow through the hollow fibers,
the near surface pores are completely wetted by the incoming aqueous
phase monomer (schematic illustration in Fig. 2). These MPD molecules
reside inside the pores and voids even after N, purging. The gas purging
only removes the excess MPD solution from the surface of the

membrane. In the next step when TMC flows through the hollow fibers,
interfacial polymerization reaction occurs instantaneously on the sur-
face. The solubility of amines is higher in organic solvent and therefore
they rapidly diffuse to the organic front where they react with TMC.
Thus, it can be said that MPD monomers that are residing in the pores
and voids of the membrane erupt like a ‘volcano’ to react with TMC and
form a polyamide nuclei which starts to grow laterally. These nuclei

Fig. 4. Cross-section images of the TFN membranes with different loading of nano-fillers showing the polyamide layer morphology.
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grow and combine with other nuclei to form a dense polyamide layer on
the hollow fiber membrane surface. This mechanism gives rise to the
characteristic ridge and valley type structure that can also be seen in the
cross-section images of Fig. 4 and surface images of Fig. 5. However, the
nanoparticles that are dispersed in the MPD solution do not diffuse
towards the organic front but rather stay near the surface of the
membrane. This means that the nanoparticles such as GO and GT are

(a)

(b) -

Chemical Engineering Journal 373 (2019) 1190-1202

embedded deep inside the polyamide layer. The excess of hydroxyl
groups on the GO and GT nano-fillers form hydrogen bonds with the
carbonyl groups of the polyamide membrane resulting in a stable at-
tachment to the polyamide matrix. As a result, at relatively higher
concentrations, the nano-fillers interfere with the IP reaction thereby
reducing the cross-linking density of the PA film. This is proven to be
true from the XPS results where the O/N ratio indicates the degree of

Fig. 5. AFM and surface SEM images of the TFN membranes with different loading of nano-fillers showing the typical leaf like morphology and the surface roughness

profiles.
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cross-linking.

The surface images of GO and GT based TFN membranes in Fig. 5
show a typical ‘leaf like’ morphology which is associated with the
polyamide membranes prepared by interfacial polymerization [41]. FE-
SEM images of all the nanocomposite membranes showed that the
surface is fully coated with a dense and rough polyamide layer. The
difference in the surface morphology is hard to see using SEM alone.
Therefore, atomic force microscopy was conducted to get the surface
roughness profiles of all the membranes. AFM images shown in Fig. 5
indicate the extent of surface roughness of both the GO and GT mem-
branes. Average surface roughness increases with the increase in nano-
fillers concentration in the polyamide layer up to 1.0 wt%. This trend is
common for GO and GT based membranes. A further increase in con-
centration to 2.0wt% of either the GO or GT causes the surface
roughness to decrease again probably due to agglomeration effects as
explained earlier. Surface roughness parameters and hydrophilicity
measurements are summarized in Table 2.

In case of GO based TFN membranes, a maximum surface roughness
of 669 nm was obtained for GO (1.0) with an average roughness of
100 nm. A highly rough surface is beneficial for improving the water
vapor permeation through the membrane because it gives a larger
surface area for the water vapor to adsorb. It means that a large volume
of water vapor can pass through a rough membrane as compared to a
smoother one. It will be shown in the permeation test results that a
highly rough surface directly corresponds to a higher water vapor
permeance. Similar trend was obtained in case of GT based membranes
where a maximum roughness of 680 nm was obtained for GT (1.0).
Interesting to note is that the GT based membranes had rougher sur-
faces on average than GO based membranes. As a result, it can be as-
sumed that the GT based membranes shall have a higher water vapor
permeance than GO.

The contact angles of both sets of TFN membranes also follow an
interesting trend. It decreases till 1.0 wt% and then increases again at
higher concentrations of nano-filler. However, it is important to men-
tion that contrary to what is reported usually, the contact angle alone
cannot be a true measure of membrane surface hydrophilicity. This is
because the contact angle differs for a porous and smooth surface made
of the same material. Therefore, surface roughness parameter has to be
taken into account for giving estimations of surface hydrophilicity. As
mentioned earlier, the modified Young-Dupre equation (Eq. (1)) gives
the solid-liquid interfacial free energy which is a direct measure of
surface hydrophilicity/wettability [49]. In this work, the surface hy-
drophilicity increases with the nano-fillers concentration. In case of GO
based membranes, maximum value of 102 mJ/m? was achieved for GO
(1.0) rendering it the most hydrophilic among this set. In comparison,
the GT based membranes are more hydrophilic than GO. This is because
the TiO, nanoparticles are bound with the GO sheets with hydrogen
bonding that exists between hydroxyl groups on TiO, surface and the
carbonyl groups on the GO sheets. Hydrogen bonding exists where
there is excess hydroxyl and carbonyl moieties, both of which impart
hydrophilic character. Higher concentration of GT in the polyamide
membrane without agglomeration, i.e. GT (1.0), gives a highly hydro-
philic and rough surface. Also, the infrared spectroscopy revealed the
presence of carboxyl groups in the PA layer which is itself responsible
for imparting hydrophilic character. The maximum solid-liquid inter-
facial free energy that can be achieved for a complete wetting is 2y,
twice the surface tension of water (145.6 mJ/m?). In case of GT (1.0),
the maximum value of —AGg is 1.65yy, (120 mJ/m?) which proves that
the membrane surface is highly hydrophilic. However, following the
same trend as the surface roughness, hydrophilicity of the membrane
also decreases at 2.0 wt% GO and GT nano-fillers loading.

3.1.3. X-ray photoelectron spectroscopy (XPS) analysis

XPS was used to analyze the elemental composition and the bonding
chemistry of the top surface of nanocomposite membranes. XPS is a
highly surface sensitive technique and can only penetrate to a
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maximum of 5nm inside the surface [50]. As explained earlier, since
the nano-fillers are embedded deep inside the polyamide layer, the
surface scan cannot show their existence in the polyamide layer. The
atomic composition of the polyamide top layer of TFN based mem-
branes is presented in Table 3. Carbon, nitrogen, and oxygen are the
main elements detected since they are the backbone of the polyamide
layer. Hydrogen composition cannot be determined using XPS and,
therefore, is absent from the table. Understandably, the PSf substrate
does not contain nitrogen, instead, 7.2 atom % Sulphur was detected.
The coating completely covered the PSf substrate and hence, the com-
position of GO (1.0) and GT (1.0) membranes is purely that of the
modified polyamide layer.

O/N ratio gives an indication of the degree of cross-linking in the
polyamide layer. An O/N ratio of 1 corresponds to a fully cross-linked
polyamide, which means that each Oxygen atom is chemically bonded
to a Nitrogen atom (n = 1 in Fig. 2). While an O/N ratio of 2 indicates a
linear polyamide with no cross-linking (n = 0 in Fig. 2) [36]. All the
membrane prepared in this work have O/N ratios between 1 and 2. This
means that the membranes are not fully cross-linked but have both
cross-linked and linear parts. However, the O/N ratios are closer to 1
meaning that the polyamide layer has more cross-links than linear
portions. Another significant observation is that GO (1.0) is slightly
more cross-linked than GT (1.0). Since the polyamide is not fully cross-
linked (O/N > 1) and the oxygen content increases from GO (1.0) to
GT (1.0), it can be concluded that the C—N bonds were hydrolyzed to
form carboxyl groups. This was confirmed by the FTIR results verifying
the presence of carboxyl groups in TFN membranes prepared using
higher concentrations of nano-fillers. In Fig. 1, a small absorption peak
at 1760 cm ™! for GO (2.0) and GT (2.0) was attributed to the C=0
stretching of the carboxyl group. Similar findings were reported by Do
et al. [51]. Carboxyl and hydroxyl groups are also known to increase
wettability of the membrane. The increase in hydrophilicity from GO
(1.0) to GT (1.0) could also be linked to an increase in carboxyl func-
tional groups in the membrane.

Further information regarding the chemical bonding of Carbon,
Oxygen, and Nitrogen atoms was obtained by deconvoluting the high
resolution XPS spectra of the said atoms. The high resolution XPS scans
of C (1s), N (1s), and O (1s) are shown in Fig. 6. Peaks were fitted to
determine the binding energy shifts (8zg) of the atoms. Three distinct
peaks were observed for C (1s) in both the GO and GT based polyamide
membranes. The major peak at 284.4 eV (8gg = 0) is assigned to Carbon
atoms without adjacent electron withdrawing groups. These can be
either aliphatic C—C and/or C—H bonds. A second peak appears at
285.6 eV (8gg = 1.2eV) which is due to the Carbon atoms that are
bonded to a weak electron withdrawing group (C—O). A positive
binding energy shift always indicates that the Carbon atom is bonded to

Table 2

Surface roughness parameters and contact angle measurements of GO and GT
based TFN membranes. R, = average surface roughness, Rp.x = maximum
surface roughness, Rq = root mean square surface roughness, A = relative
surface area, and —AGg,, = solid-liquid interfacial free energy.

Membrane R, (nm) Rj.x Ry (nm) A (-) Contact angle —AGg, (mJ/
(nm) © m?)
GO (0.05) 23 109 29 1.06 88 = 3 75
GO (0.1) 16 127 21 161 87 =2 75
GO (0.2) 97 436 122 1.80 59 =2 94
GO (0.5) 108 482 136 192 49 =1 98
GO (1.0) 100 669 133 1.64 49 = 2 102
GO (2.0) 58 212 75 1.72 53 x1 98
GT (0.05) 24 117 34 117 72 = 4 92
GT (0.1) 59 230 73 219 56 =1 91
GT (0.2) 96 500 123 1.67 53 £ 2 99
GT (0.5) 97 567 129 1.71 50 = 2 100
GT (1.0) 130 680 169 113 44 =1 120
GT (2.0) 93 395 118 1.57 73 =2 86
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Table 3
Elemental composition of PSf substrate and the TFN membranes containing GO
and GT nano-fillers.

Membrane Atomic %
C N [0} O/N ratio
PSf substrate 70.4 0 22.4 -
GO (1.0) 75.9 10.3 12 1.17
GT (1.0) 75 10.7 13.1 1.22

highly electronegative atoms. A third small peak appeared at
8pr = 3.5eV (287.9 eV) which is assigned to the Carbon atoms bonded
to strongly electron withdrawing groups such as O=C—O in carboxylic
and O=C—N in amide groups [52]. The XPS results of C (1s) are in
accordance with the data obtained from ATR-FTIR absorption peaks
confirming the presence of amide, carboxyl and hydroxyl groups.

The deconvolution of high resolution XPS scan of O (1s) reveals 2
major peaks; carbonyl oxygen (O=C—0O, O=C—N) at 531.2eV, and
carboxylic oxygen (O=C—O) at 532.6eV. The intensity of carboxyl
peak in GT was higher than GO based membranes indicating a com-
paratively lesser degree of cross-linking in the former due to the
bonding of GT with PA layer. This is in accordance with relatively
higher O/N values (less cross-links) for GT membranes shown in
Table 3. The XPS data did not show any Ti in the atomic composition of
the polyamide layer because the depth of penetration for XPS is around
5 — 6 nm. It confirms our earlier hypothesis that the nano-fillers GO and
GT are embedded deep inside the polyamide layer rather than residing
near the surface. The XPS scan of N (1s) revealed only one peak at
400 eV after deconvoluting the data. This peak is assigned to the amide
Nitrogen which is expected because N only exists in amide bond in the
polymer membrane.

3.1.4. Thermal gravimetric analysis (TGA)

Thermal stability of the TFN membranes was analyzed by TGA and
the results are shown in Fig. 7. The nanocomposite membranes showed
a typical three step degradation process. In the first step (I), water and
volatile matter evaporates in the temperature range 25-150 °C. The
second step (II) involves thermochemical decomposition of polymer
chains that occurs between 150 and 500 °C. The decomposition in this
stage happens because the sulfone chains start to break after 250 °C due
to the loss of sulfonic acid groups [53]. In the last step (III), the residues
and degraded matter is carbonized. The weight loss in the initial step is
around 8% for PSf substrate as compared to 2.7% for the TFN mem-
branes. By the end of second step decomposition, GT based membranes
have only lost 20% weight as compared to 23% for GO based mem-
branes. This indicates that GT membranes are slightly better in terms of
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Fig. 7. TGA thermograms of PSf substrate, GO (1.0) and GT (1.0) TFN mem-
branes.
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Fig. 8. Water vapor permeance of the GO and GT based TFN membranes as a
function of the nano-fillers concentration. Permeation experiments were con-
ducted at 30 °C, 1000 cm®/min feed flow rate, 3 kg-f/cm? operating pressure,
75-80% relative humidity.

thermal stability than the GO membranes. The residual matter at the
end of the test was approximately 39% and 38% for TFN membranes
while only 24% for PSf substrate. The increase in thermal stability of
TFN membranes is because of the decrease in chain mobility due to the
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Fig. 6. High resolution XPS spectra and peak deconvolution of C (1s), O (1s), and N (1s) of GO and GT based polyamide membranes.
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Fig. 9. Water vapor/N, selectivity of the GO and GT based TFN membranes as a
function of the nano-fillers concentration.

presence of nanoparticles.

3.2. Mixed gas separation performance

Gas transport in dense membranes is explained by the ‘solution-
diffusion’ mechanism. The first step involves the sorption of gas mole-
cules on the membrane surface. In the second step, gas molecules dif-
fuse through the membrane and finally, in the third step they desorb on
the permeate side. As the name suggests, the solubility and diffusivity of
gas molecules is very important in determining the permeability of
species. Solubility is a thermodynamic property that gives the amount
of species sorbed on the membrane surface. On the other hand, diffu-
sivity is a kinetic parameter and dictates how fast a molecule will be
transported through the membrane. Diffusivity is mostly related to the
kinetic diameter of the gases. The kinetic diameter of N, is 3.64 A and
that of water vapor is 2.65 A [54]. Intuitively, water vapor will diffuse
faster than Nitrogen gas upon applying pressure across the membrane.
However, diffusivity of the gas molecule alone cannot accurately de-
termine the permeability because a larger molecule, such as CO,, can
also diffuse faster in a rubbery polymer because of its high solubility.
Solubility of a gas molecule is determined by its solubility coefficient.
Since it is the first step in solution-diffusion mechanism, a membrane
surface that is modified to achieve high sorption of a certain gas mo-
lecule will result in a high permeability of that component. Therefore,
to selectively remove water vapor from N, gas stream, a hydrophilic
surface will ensure maximum sorption of water vapor and hence, a high
water vapor permeance. One of the aim of this work was to have a
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highly hydrophilic polyamide layer on the PSf support for increasing
the water vapor permeance. AFM and contact angle measurements al-
ready verified the presence of a hydrophilic nanocomposite membrane
on the PSf support.

It is already established that the TFN membranes’ hydrophilicity
increases with the increase in GO and GT nano-fillers concentration (up
to 1.0% loading). This directly implies that the water vapor permeance
shall also follow the same trend. Figs. 8 and 9 show the water vapor
permeance and selectivity as a function of nano-fillers concentration.

A thin film composite membrane without the nanoparticles was also
prepared using 2 wt% MPD and 0.2 wt% TMC. This TFC membrane was
used as a reference to compare the TFN membrane performance. The
water vapor permeance and selectivity of the TFC membrane was 1360
GPU and 378, respectively.

When compared with each other, the two types of nano-fillers that
are added to the polyamide layer i.e. GO and GT, show a similar trend
of permeance as a function of concentration. Water vapor permeance
increases with the nano-fillers concentration and achieves a maximum
before dropping again. The two types of nano-fillers and their effect on
water vapor permeation are discussed separately.

3.2.1. Graphene oxide based TFN Membranes

Addition of GO in the polyamide layer significantly affected the
water vapor permeance and selectivity of the TFN membranes. From
1360 GPU for TFC membrane, the permeance increased to 1690 GPU
for GO (0.05). The water vapor permeance continues to increase with
the addition of graphene oxide till GO (1.0), where it achieves a max-
imum permeance and selectivity of 2500 GPU and 680, respectively. A
further increase in GO concentration causes the nano-fillers to ag-
glomerate rendering them rather ineffective. This is validated by
looking at the water vapor permeance of GO (2.0) which drops down to
2230 GPU. Similar trend was observed for the water vapor/N, se-
lectivity which drops from 680 to 595 (Fig. 9). GO nano-sheets have a
very high specific surface area. These sheets are embedded deep inside
the polyamide layer where they form a 2D capillary network. This
network of GO enhances the water vapor transport by providing ul-
trafast permeation paths. The existence of water channels coupled with
an increased surface roughness of the polyamide nanocomposite
membrane provides a larger surface area for the water vapor to adsorb.

Increase in vapor/N, selectivity with the increase in concentration
of GO is primarily due to the increase in water vapor permeance.
Nitrogen gas permeance is not affected by the increasing concentration
of GO which means that the permeance is mostly governed by ‘solution’
in this case. The permeation performance starts to deteriorate at higher
concentrations of GO. This can be due to the stacking of GO nano-sheets
on top of each other and thus interfering in the interfacial poly-
merization reaction. This results in a PA layer that is less cross-linked

Table 4

Comparison of water vapor permeation performance of membranes prepared in this work with state-of-the-art membranes reported in literature.
Membrane Operating temperature (°C) Water vapor permeance (GPU) Water vapor/N, selectivity Refs.
PEI/PEBAX®1657 21 1800 1800 [55]
Ni/NaA 32 20,042 178 [56]
Stabilized Triethylene glycol 15-30 223 2000 [57]
[Emim][Tf2N] ionic liquid 31 635 3840 [58]
PSf/MOF modified composite membrane 30 2244 542 [59]1
PSf/MPD-TMC 30 1500 500 [60]
PSF/Nafion-IL-SiO, composite membrane 30 2131 25 [61]
PSf/SiO, composite membrane 30 2125 581 [39]
PSF/Hydroxylated TiO, composite membrane 30 1396 510 [62]
PSf/Carboxylated TiO, composite membrane 30 1340 486 [40]
PSf/sb-cyclodextrin composite membrane 30 1597 503 [63]
PSF/ETS-0.4 composite membrane 30 1377 346 [64]
PSF/BCD-Fe;04 nanoparticles composite membrane 30 2237 774 [65]
PSF/GO (1.0) nanocomposite membrane 30 2500 680 This work
PSF/GT (1.0) nanocomposite membrane 30 2820 910 This work
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and has smoother surfaces as confirmed by AFM data and Fig. 5 (b).

3.2.2. GO-TiO, based TFN Membranes

The graph of GT based membranes follows a similar trend as GO.
However, in comparison to GO, the water vapor permeance and se-
lectivity is greater for GT based membranes. At the same nano-filler
concentration of 0.05 wt%, the water vapor permeance of GT is 2104
GPU as compared to 1690 GPU of GO. This 25% increase was already
predicted by surface roughness parameters and the interfacial free en-
ergy of GT membranes (Table 2). GT based membranes are more hy-
drophilic and have a larger surface area coupled with a lesser degree of
cross-linking as compared to the GO membranes. A lower degree of
cross-linking results in more free volume consequently increasing the
water vapor transport.

The water vapor permeance increases with the increase in GT
concentration till a maximum of 2820 GPU is obtained for GT (1.0). A
further increase in GT concentration causes the permeance to im-
mediately drop to 1973 GPU, constituting a 30% decline. This can be
attributed to the increase in aggregation of the nano-fillers at such a
large concentrations triggered by TiO, nanoparticles (~70 nm). These
aggregates interfere strongly with IP reaction and form defects in the
selective layer thus having a negative impact on the transport proper-
ties of the membrane. Also, at higher concentration, the agglomeration
effects render these nanomaterials ineffective and the membrane be-
haves as a defective membrane. This can explain the decrease in both
the permeance as well as selectivity for GO (2.0) and GT (2.0). It has
been widely reported that the nanomaterials concentration in the PA
layer always has a limit. Increase in concentration from that limit ne-
gatively affects is found on the separation performance of the mem-
branes [34,44]. Same trend is followed by the vapor/N, selectivity
where it reaches a maximum of 910 for GT (1.0) and then drop down to
434 for GT (2.0). This pronounced decrease in selectivity is due to the
increase in Nitrogen permeance and decrease in water vapor permeance
caused by the defects in the membrane. Membrane morphology shown
in Fig. 4 confirms that at higher loading of nano-fillers, the membrane
structure resembles a TFC membrane (Fig. S4 Supplementary
Information). Nevertheless, it is pertinent to mention that a water vapor
permeance in excess of 2800 GPU with vapor/N, selectivity over 900 is
a remarkable result for a TFN membrane for water vapor separation.
The membranes prepared in this work are compared with the state-of-
the art TFN membranes and the results are reported in Table 4. Only the
mixed vapor/gas permeances are mentioned in this table. The mem-
branes prepared in this work have higher permeance and selectivity for
water vapor over Nj.

The inclusion of graphene oxide and graphene oxide-TiO, nano-
fillers in the polyamide membrane not only increases the water per-
meation performance of the membranes but also strengthens the PA
layer. These nanomaterials open up more topics for further research on
nanocomposite membranes for water based membrane applications.

4. Conclusions

Thin film nanocomposite membranes were prepared using graphene
oxide (GO) and graphene oxide-TiO, (GT) composites as filler materials
for the polyamide layer. The nano-fillers were added to the aqueous
phase monomer in different concentrations. The interfacial poly-
merization reaction with the organic phase monomer resulted in a
dense polyamide nanocomposite membrane on a porous PSf hollow
fiber support. It was found that GO and GT are bonded to the polyamide
layer via hydrogen bonds. This results are a stable attachment of the
nano-fillers to the PA layer. Also, the GT combination has more hy-
drogen bonds within the nanomaterial and also with the PA layer. The
surface of PA appeared very rough with a characteristic ridge and valley
like structure. It was found that GT based membranes had higher sur-
face roughness as well as excellent hydrophilicity as compared to GO
because of the hydrogen bonding and presence of excess carboxyl
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groups in the PA layer. XPS results indicated that GT based membranes
had a lesser degree of cross-linking than GO because of the interference
in polymerization reaction. The water vapor permeance and selectivity
increased with the increase in nano-fillers concentration till 1.0 wt%.
Further increase in the nano-filler concentration resulted in a sharp
decline in the membrane performance due to agglomeration effects. A
highly hydrophilic and rough membrane surface with lesser degree of
cross-linking makes GT based membranes far better for water vapor
separation applications. The membranes prepared in this work show
better performance in terms of water vapor permeance (2820 GPU) and
vapor/N, selectivity (91 0) as compared (with the mixture gas) to the
other TFN membranes reported in literature.
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