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Abstract

This study focused on the development of pressure retarded osmosis (PRO) thin film composite
(TFC) membranes for enhanced osmotic power using hollow fiber polyethersulfone (PES)
support structure modified by incorporating hydrophilic graphene oxide (GO) nanosheets. The
GO loadings in the hollow fiber substrates were varied to improve water flux performances
without compromising the mechanical strength. GO embedded (<0.2 wt%) PES hollow fiber
supports revealed noticeable improvements in pure water permeability, improved structural
morphologies, as well as the hydrophilicity within the support layer, without deteriorating the
mechanical properties. The GO (0.2 wt%)-incorporated TFC-PRO membrane appeared to have
an initial PRO flux (without any applied pressure) of 43.74 L m™ h'!, lower specific reverse
salt flux of 0.04 g L™ and structural parameter (S) of 522 pm, significantly better than the
control membrane. The maximum power density of 14.6 W m™ was achieved at an operating
pressure of 16.5 bar under the condition of DI water and 1 M NacCl as feed and draw solutions,
respectively. The results obtained in this study indicate that modification of PRO hollow fiber
support layer by incorporating nanoparticles such as GO nanosheet can be a useful tool to

improve the PRO performance.

Keywords: Graphene oxide; Hollow fiber membrane; Polyethersulfone; Pressure retarded

osmosis; Thin film composite.
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1. Introduction

The global demand for clean and renewable energy has significantly increased in recent years
due to serious air pollution and global warming caused by the current fossil fuel-based energy
sources. Fossil fuels are non-renewable and the depletion of the available energy resources are
eminent. Thus, the utilization of renewable sources of energy such as wind, solar, tide, biomass,
and geothermal energy has gained growing interest recently [1-3]. Osmotic energy from
salinity gradient using pressure retarded osmosis (PRO) has shown to have great potential for

providing sustainable resources [2, 4].

The PRO process utilizes the osmotic pressure difference between two solutions of different
salinities, where water from the solution of less salt concentration passes through a selectively
permeable membrane to the concentrated solution by natural osmotic process [5]. The osmotic
energy obtained from the PRO process is then converted into mechanical energy and electricity
using a hydro turbine and generator, respectively. With efficient engineering design, PRO
process can obtain high power density, which allows it to efficiently draw free energy from the
high salinity solutions present naturaly or created artificially [6, 7]. PRO is currently one of the
promising applications for harvesting renewable energy from mixing of fresh and saline waters.
However, several challenges still remain before the osmotic power by PRO process becomes
commercially viable and one of the major challenges is the lack of suitable membranes tailored

for the PRO process.

In recent years, many studies have been conducted on developing PRO membranes to make
the process viable for commercial applications. PRO membranes should have characteristics
very similar to the membranes used for forward osmosis (FO) process. The ideal FO or PRO
membranes should have high water flux, low concentration polarization (CP) in the membrane

support, high porosity, hydrophilicity, thin selective layer, and low structural parameter (S).



68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

However, unlike the FO process, PRO is operated at high pressure and hence requires
membranes with high mechanical properties that can withstand high hydraulic pressures during
the PRO operation [8, 9]. Like any other thin film composite (TFC)-based membranes, the
PRO membrane support layers are fabricated either as a flat type or hollow fiber configuration
via phase separation technique while the thin polyamide (PA) selective layer is formed by
interfacial polymerization (IP) method [10, 11]. This typical two-step process forms a TFC

membrane that has a wide range of applications for various separation processes.

In previous studies, various types of membrane supports for TFC-PRO membrane were
introduced, such as electrospun nanofiber membrane [12, 13], flat-sheet membrane [14-17] and
hollow fiber membrane [8, 18-24]. Reverse osmosis (RO) membranes made of TFC flat-sheet
membranes have been most widely used in desalination and water purification. The
commercially available TFC membrane modules are usually manufactured as a spiral wound
type. However, the spiral wound flat-sheet TFC membrane modules are observed to be less
suitable for PRO applications because of high fouling propensity and severe membrane
deformation by the spacers [25, 26]. However, TFC hollow fiber membrane modules could be
more suitable for the PRO process because the hollow fiber is self-supporting membrane and,
hence, spacer-free. Besides, hollow fiber membrane modules can have much higher packing
density as compared to the spiral wound membrane modules [18, 21, 23, 27]. Though, TFC-
PRO hollow fiber membrane itself should have high mechanical properties to be able to
withstand high hydraulic pressures for achieving high power density which is the product of
water flux and the applied hydraulic pressure. The power density has been reported to reach a
maximum theoretical value when the applied hydraulic pressure is equal to half of the osmotic
pressure difference across the membrane. For example, when seawater is used as draw solution
and fresh water as feed solution, a theoretical osmotic pressure of draw solution is = 27 bar and

an half of that pressure (13 ~ 14 bar) would be required at draw side to achieve the maximum
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power density. Due to this reason, a mechanically strong hollow fiber membrane is an
important factor for the feasible application of PRO process. Therefore, recent studies on
developing TFC-PRO hollow fiber membrane have been focused on designing robust
membrane materials via various fiber spinning techniques, different polymers, and spinning

conditions [8, 19-21, 23, 28].

In our previous studies on the development of FO membranes, we used graphene oxide (GO)
as filler for the membrane substrates in the fabrication of flat-sheet TFC-FO membranes, and
found that the FO performance was significantly improved by lowering the S value at a suitable
GO loading rate without significantly compromising its mechanical properties [29, 30]. Due to
its typical characteristics such as atomic thicknesses of 1-2 nm with a two-dimensional single
layer and hydrophilic properties with the presence of hydrophilic functional groups, the GO
nanosheet offers high potential for fabricating composite polymeric membranes with improved

structural properties, high hydrophilicity, and excellent antifouling propensity [29, 31-35].

Despite the significant improvement in the TFC-FO membranes performance obtained with
nanomaterials incorporation, the fabrication of mixed matrix hollow fiber support for TFC-
PRO membranes has yet to be fully explored. Thus, in this study, we investigated the
fabrication of high performance TFC-PRO membrane by incorporating hydrophilic GO

nanosheets in the hollow fiber substrate.

The main objective of the study is to investigate the potential of GO-incorporated hollow fiber-
support membranes for improving the PRO performance. Three different TFC-PRO
membranes were prepared and their performances were compared in terms of water flux and
osmotic power density. The effects of GO incorporation on the mechanical stability against
hydraulic pressure were systematically evaluated by determining membrane burst pressure for

both membrane support and active layers. In addition, the effect of pre-stabilization of the PA
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selective layer and transport properties of TFC hollow fiber membranes were invistegated.
Intrinsic membrane properties such as porosity, pore size, hydrophilicity, permeability,

selectivity and mechanical properties were comparatively evaluated.

2. Experimental

2.1 Materials

Polyethersulfone (PES, Veradel® 3000P, Mw = 62,000 ~ 64,000 g/mol), provided from Solvay
Specialty Polymers, Republic of Korea, was used as the polymer material. For hollow fiber
support membrane preparation, n-methyl-2-pyrrolidone (NMP, Merck) was employed to
dissolve the PES polymer, while polyethylene glycol 400 (PEG, Mw = 400 g/mol, Merck) was
used as an additive. Hollow fiber membrane post-treatment was conducted using a Glycerol
(99.5%) from Chem-Supply Pty. Ltd. (Australia). PA layer formation was performed using
trimesoyl chloride (TMC, 98%), 1,3-phenylenediamine (MPD, 99%) and sodium dodecyl
sulfate (SDS, >99.0%) purchased from Sigma-Aldrich. Hexane (99.9%) from Merck was used
as an organic solvent for dissolving TMC. Polyethylene glycol (PEG) and polyethylene oxide
(PEO) with various molecular weights purchased from Sigma-Aldrich and were used for
measuring pore size distributions. Graphene oxide (GO) nanosheets used in this study was

prepared via modified Hummer’s method [36, 37] that was reported in our previous study [29].

2.2 Hollow fiber membrane support preparation

Dope solution compositions and spinning parameters for the preparation of hollow fiber

membrane substrates are presented in Table 1. Three different hollow fiber membrane supports
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were prepared in this study. A digital stirring machine, with constant speed of 800 rpm at 80
°C for 12 h, was used to mix a certain amount of PES with NMP as a solvent, and PEG and GO
as additives, in a two-neck glass reactor. The dope solutions were then cooled down in room
temperature with continuous stirring for another 12 h, transferred into a syringe pump and then
degassed for 24 h at room temperature prior to hollow fiber spinning. To evaluate the effects
of GO addition in the membrane supports, a control substrate without GO addition was
prepared and denoted as HF-0. For the preparation of GO-incorporated dope solutions,
different loadings of GO in NMP were sonicated for homogeneous dispersion prior to addition
of PES and PEG. According to the GO loadings with respect to PES amounts (weight ratio to
the PES), hollow fiber supports were denoted as HF-GO-0.1 and HF-GO-0.2 which contain 0.1

and 0.2 wt% GO, respectively.

Table 1. Spinning parameters of hollow fiber support membranes prepared

Spinning parameter Hollow fiber supports

Sample code HF-0 HF-GO-0.1 HF-GO-0.2

Dope solution composition (wt%) PES/PEG/NMP PES/PEG/NMP PES/PEG/NMP
(20/40/40) (20/40/40) (21/39.5/39.5)

GO loadings in polymer (wt%) 0 0.1 0.2

Bore solution DI water

Outer solution Pure NMP

Dope flow rate (ml/min) 1.8

Bore flow rate (ml/min) 1.2

Outer flow rate (ml/min) 0.2

Air gap distance (cm) 1.0

Winding speed (m/min) 2.2

Coagulation bath Tap water

The hollow fiber membranes with highly porous structure to the outer surface were fabricated
using a triple nozzle (Fig. Sla) and hollow fiber spinning machine (Fig. S2) with a wet-wet

spinning process. As demonstrated in Fig. 1, DI water, polymer dope, and pure NMP were
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separately supplied into the bore, inner, and outer channels, respectively, of the triple spinneret
spinning machine design [38-41]. Basically, outer surface of membranes was designed to be
highly porous and open pore structure via a pure NMP extrusion into the outer channel for
reducing the ICP effect through faster solvent transport during PRO process. The solutions
were simultaneously extruded and immediately immersed in coagulation water bath with an air
gap distance of 1 cm to solidify the polymer. The as-spun samples were collected by a drum
type winder with an almost free fall condition (take-up speed: 2.2 m/min). All parameters were
set at the same conditions except the dope solution compositions as shown in Table 1.
Fabricated hollow fiber membranes were then kept in tap water for 48 h and soaked in
water/glycerol (50/50 wt%) aqueous solution for another 48 h for post-treatment. Subsequently,
the hollow fiber samples were dried in the air for membrane modulation. For membrane
performance tests, hollow fibers were modulated by assembling 5 fibers (effective length: 13 -
14 cm), as shown in Fig. S3 (A). The prepared samples were used for evaluating membrane

performances.



170

171

172

173

174

175

176

177

178

179

180

181

(A) (B) (€)
— Triple nozzle

(B) Bore channel (non-solvent)

. solution)
Syringe
pump
Gear
®. .0
(C) Outer channel '
(NMP solvent) I
—— N
Spinneret
Take up bath
Coagulation bath

Hollow fiber spinning equipment

Fig. 1. Schematic diagram of hollow fiber spinning set-up. (A) polymer dope solution, (B)

bore solution, (C) pure NMP

2.3 IP process onto the lumen side of membrane supports

Fig. S3 illustrates the IP process of membrane samples, during which a PA active layer was
formed on the inner surface of hollow fibers. First, the inlet side (lumen side) of vertically-held
membrane module was connected to the peristaltic pump with silicone tube to introduce an
aqueous solution (2 wt% MPD + 0.1 wt% SDS solution) with a flow rate of 4.1 mL/min for 3
min. N2 gas purging was then employed at a pressure of 100 kPa for 5 min to remove the excess
solution. To complete the IP reaction, TMC (0.15 wt%) in hexane was introduced with a flow

rate of 2.3 mL/min for 5 min to provide enough time to react with residual MPD. Finally, the
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unreacted TMC was removed by purging N2 gas (100 kPa) for 30s. All membrane modules
were then soaked in deionized (DI) water without further treatment, and kept in cool condition
prior to performance experiments and membrane characterizations. According to the sample
codes of hollow fiber supports, the PA layer deposited samples were denoted from the HF-O0,

HF-GO-0.1 and HF-GO-0.2 to the THF-0, THF-GO-0.1 and THF-GO-0.2, respectively.

2.4. Characterization of hollow fiber membranes

The morphological properties and surface roughness of as-spun membranes were characterized
by field emission scanning electron microscope (FE-SEM) and atomic force microscopy (AFM)
images, respectively, and more analysis details can be found in our previous study [29].
Mechanical properties of hollow fiber supports were obtained by an Advanced Testing System
(LS1, Lloyd instruments Ltd, UK) with a load cell of 1 kN. A pair of wire grip with bollard
and vice clamp (Max. 2 kN) was selected to hold hollow fiber samples. Gauge length, pre-load
and cross-head speed were set as 80 mm, 0.05 N and 30 mm/min, respectively. Inner diameter
(ID) and outer diameter (OD) of hollow fiber membrane supports were determined by a digital
microscope (Max. magnification ratio: x 500) to obtain the cross sectional area (mm?) of
samples. Hydrophilic property of membrane surface was evaluated by an optical tensiometer
(Theta Lite 100) and contact angle values were estimated using an image processing software.
Membrane support pore properties such as mean pore size and pore size distribution were
obtained from solute transport experiment using PEG and PEO as feed solutions and the

procedure is described in Supplementary Information.

Hollow fiber membrane porosity (g) was calculated by Eq. (1) [8]. Wet samples of 5 cm in

length (/, cm) were cut and then dried in a dry oven at 100 °C for 12 h, and placed in a desiccator

10
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for another 12 h to completely remove any remaining water from the samples. The dried

membranes were weighed (m, g) with 5 fibers for each measurement.

1
Z;rlpp(OD2 —ID*)-m
s=4- x100% (1)
Z7z1pp(0D2 ~ID?)

where pp, OD and ID are the PES polymer density (1.37 g cm™), outer fiber diameter (m), and
inner fiber diameter (m), respectively. All characterization methods were performed at least

five times.

2.5. RO performance and burst pressure evaluation for membrane supports and TFC

membranes

2.5.1. Pure water permeability and burst pressure evaluations for hollow fiber supports

Pure water permeability (PWP, L m™? h! bar!) and burst pressure (bar) of hollow fiber
supports were determined using a lab scale membrane test device that is illustrated in Fig. S4.
DI water was constantly circulated for both the inner and the outer sides of the hollow fiber
module (flow rate: 150 mL/min). Prior to the measurement of weight changes to the permeate
side, the tested samples were stabilized at the applied trans-membrane pressure (from lumen to

shell side) of 1 bar for 1 h. The PWP was calculated using the Eq. (2) and (3)

AV
Jw_Am'At (2)
J
PWRA) =2
RA) P (3)

11
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where Jw, AV (L), Am and At (h) is the water flux (L m? h'!), permeate volume, effective
membrane area (lumen side, m?) and sampling time, respectively, in Eq. (2), and AP in Eq. (3)

is the trans-membrane pressure difference (bar).

Afterwards, the pressure in the lumen side was gradually increased in increments of 2 to 3 bar
until the membranes exhibited a complete burst. The PWP at each pressure was measured by

averaging the data collected for 20 min.

2.5.2. Evaluation of intrinsic properties and burst pressures of the TFC-PRO membranes

To determine the burst pressure (or critical pressure) and RO performances for TFC-PRO
membranes, an experiment was performed for hollow fiber supports (section 2.5.1) and was
also conducted using the PRO unit (Fig. S4). Evaluation of the burst pressures for TFC-PRO
membranes was performed without any membrane compaction. Initial pressure of 5 bar was
applied with the DI water to the lumen side at flow rate of 150 mL/min, stabilized for 20 min,
and the average PWP was determined. Then, the pressure was increased at 2 bar increments
until the pressure reached to 13 bar while being stabilized for 20 min at each pressure and then
it was increased by 1 bar per increment until the membrane breakage occurred within 20 min
and the membrane breakage pressure was defined as ‘burst pressure’. In addition, the ‘critical
point’ at certain pressures for TFC-PRO membranes was also determined where the
membranes started to generate considerable deformation and damage determined by the sudden

increase of water permeability.

Intrinsic properties, such as A4 value and salt rejection (R, %) for TFC-PRO membranes were
evaluated at two different operation conditions. First, prepared TFC-PRO membranes were
pre-stabilized at 8 bar for 1 h, and then the 4 value was determined via collecting permeated

pure water and R value was obtained from the rejection rate of 2000 ppm NaCl when the feed

12
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water was operated at 8 bar. Conductivity and volume changes of the permeated water as well
as applied pressures were monitored and recorded by a conductivity meter and data auto-
logging system. The R value and salt permeability (B) was calculated using Eq. (4) and Eq. (5),

respectively [42].

C
R=[1-—2|x100% (4)
C

S

p=1=R }R (AP - Ax)4 ()
where Cr and Cp in Eq. (4) are the salt concentrations of the feed and permeate solutions,

respectively, and 4z in Eq. (5) the osmotic pressure difference across the membrane.

Alternatively, the TFC-PRO samples for THF-0, THF-GO-0.1 and THF-GO-0.2 were pre-
stabilized for 1 h below their critical points which were found to be at 13.5 bar, 13.5 bar and
16.5 bar, respectively, prior to performance evaluation. This was followed by determination of
A and R values of samples at different pressures. The critical point for each membrane was
determined from the results of RO mode operations at variously applied pressures. The

temperature of all solutions was maintained at 23 + 1°C during the tests.

2.6. PRO performance evaluation for TFC-PRO membranes

The PRO performance of the TFC membranes was determined as circulating a draw solution
(DS, 1.0 M NaCl) of 5 L to the hollow fiber lumen side (facing active layer) and a feed solution
(FS, DI water) of 2 L to the shell side using the PRO unit. The flow rate was set for both streams
at 150 mL/min. Before conducting PRO evaluations, the TFC-PRO membranes of THF-O0,

THF-GO-0.1 and THF-GO-0.2 were stabilized for 1 h at 13.5 bar, 13.5 bar and 16.5 bar,

13



267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

respectively, of which pressures are below the critical points of each membrane. After the
membrane stabilization, each sample was tested from 0 bar stepwise up to the stabilized
pressures and this test was denoted as the first run (1%-run). In order to confirm the stability
and reproducibility of each tested samples, the second (2"-run) operation was conducted right
after the first run at the same ranges of applied pressures. The PRO water flux was calculated
using Eq. (4). The reverse salt flux (Js, g m? h'') was determined by Eq. (6) as follows:

_ACY)

J
Y

(6)
where Cr and J; are the changes of salt concentration and the feed volume at time interval (A7),
respectively.

The power density (W, W m™) can be obtained from Eq. (7) where 4P is the pressure

difference across the TFC-PRO membrane.
W =], AP (7

Detailed information on determining S values for fabricated TFC membranes are indicated in

the Supplementary Information (Section 1.2).

3. Results and discussion
3.1. Morphological properties of hollow fiber supports

The effect of GO loadings on the morphological changes of PES hollow fiber membrane
supports was characterized by FE-SEM analysis as indicated in Fig. 2 which reveals the inner
and outer surfaces as well as the cross-section of all prepared samples for HF-0, HF-GO-0.1

and HF-GO-0.2. A typical asymmetric structure with finger-like and sponge-like structures

14
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appeared in the cross-section of all membranes. In the case of outer surface, all membranes
revealed a sponge-like structure with highly porous and rough surface without skin-layers
formation. This is because the co-extrusion of pure NMP (solvent) in the outer fluid channel
during spinning likely induced a delayed demixing [8, 18, 23, 43]. In contrast, due to the fast
phase inversion induced by strong non-solvent (water) as a bore fluid, relatively dense skin-
layers with small pores were formed on the inner surface of all the prepared hollow fiber
membrane supports. The simultaneous extrusion of three different solutions via triple spinneret
also subsequently induced the formation of dual-layered structure in the cross-section: 1) the
finger-like structures are dominantly formed near the lumen side of hollow fiber membranes
due to the faster demixing by the water as bore fluid, and 2) the less finger-like but more
sponge-like structures appeared as close to the outer surface because the NMP solvent as the

outer channel strongly influenced to a slower phase inversion from out to inward [18].

Interestingly, it can be clearly distinguished from the cross-section SEM images that the
number of macrovoid structures increased with an increase in GO loadings. As the GO loadings
increased from 0 to 0.2 wt%, the density and length of finger-like pores increased at the internal
zone of the hollow fibers near the membrane lumen. Furthermore, the number of outward-
pointed macrovoids increased instead of sponge-like structure at the outer region. This trend
was also observed in our previous studies [29, 30] and other studies [44, 45] in which GO was
incorporated in the polymeric membrane substrates. Low loading rates of GO with uniform
dispersion in the dope solution increase the thermodynamic incompatibility between polymer
and solvent due to the hydrophilicity of the nanomaterial. Thus, the hydrophilic GO enhanced
the exchange rate between the solvent and non-solvent during the phase inversion which
resulted in hindrance of sponge-like structure formation [29, 46]. It can be noted that more
finger-like morphologies were obtained for HF-GO-0.2 against HF-GO-0.1. The polymer

concentration increase from 20 to 21 wt% and the GO concentration increase for HF-GO-0.2
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The presence and incorporation of GO in the hollow fiber substrates were confirmed by
photographs and SEM images from Fig. S1(b) and Fig. S5, respectively. After incorporation
of GO in PES substrates, the color of hollow fiber surfaces has become darker from off-white
to brownish gray as GO loadings increased as shown in Fig. S1(b). The presence of GO in the
PES substrates also observed in the cross-section of SEM images (Fig. S5) as red circles for
HF-GO-0.1 and HF-GO-0.2 indicate some GO aggregation. Although assumed not significant,
some GO nanoparticles might likely aggregate even though the GO loadings were small (< 0.2
wt%), which is due to the high dope solution viscosity increased by high polymer concentration
of 20-21 wt% and the high content of PEG as an additive [29, 46]. However, this minor GO

aggregation in the membrane substrates did not cause deterioration of mechanical properties.

3.2. Effect of GO loading on the characteristics of hollow fiber supports

Table 2 summarizes the physical properties of fabricated hollow fiber supports. The tensile
strength and the elongation at break for HF-0 were 5.18 MPa and 47.37 %, respectively, and
incorporation of 0.1 wt% GO (HF-GO-0.1) did not alter these values significantly. Thus, it can
be concluded that the mechanical properties of the PES support were not affected by a small
amount of GO incorporation. In fact, the tensile strength of HF-GO-0.2 slightly increased to
5.56 MPa although this might not be due to increased GO loading (0.2 wt%) only but also

likely due to the increase of polymer concentration.

17



340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

Table 2. Hollow fiber sizes, mechanical properties, PWP and pore size properties of prepared

hollow fiber supports.

Hollow fiber supports

Membrane properties

HF-0 HF-GO-0.1 HF-GO-0.2
ID/OD (um) 663/1050 664/1044 685/1070
Thickness (pm) 196 190 193
Tensile strength (MPa) 5.18+0.14 5.20+0.21 5.56 +£0.20
Elongation at break (%) 47.37+£4.52 46.96 +4.16 46.36 +£3.16
Toughness"” (N m?) 2.50+0.12 2.53+0.15 3.08 £ 0.09
PWP (L m?h'! bar) 322 361 387
Mean pore diameter, up (nm) 8.28 8.85 9.03
Geometric standard deviation, op 1.86 1.90 1.94

D Toughness was calculated by obtaining the intergral underneath the stress-strain curve.

The mean pore diameter and PWP of hollow fiber supports are presented in Table 2. Without
GO incorporation, the HF-0 showed the mean pore diameter of 8.28 nm, however, it
continuously increased as GO loadings increased to HF-GO-0.1 and HF-GO-0.2 with the mean
pore diameter of 8.85 nm and 9.03 nm, respectively. This increase in pore diameter is a result
of hydrophilic GO effect that accelerated the rate of the phase inversion and induced the
increase of lumen surface pores, as shown in the cross-section images (Fig. 2), and the
reduction of membrane thickness (Table 2). The PWP results also revealed a consistent trend
with the pore size of the hollow fiber supports. GO embedded in PES supports at 0.1 and 0.2
wt% loading noticeably improved the PWP to 361 and 387 L m™? h'! bar’!, respectively, as
compared to that of HF-0 (322 L m™ h'! bar!). The enhanced PWP could be not only due to
enhanced membrane porosity but also due to improved surface hydrophilicity by GO addition
[31, 32]. This enhanced hydrophilicity is evident from Fig. 3 where the contact angle decreased
correspondingly with an increase of GO content. The contact angle of HF-0 was 81.6° which

decreased to 77.13° at 0.1 wt% GO loading and further to 73.41° at 0.2 wt% GO loading. GO
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is known to contain abundant hydroxyl, carboxyl and epoxy functional groups which may
improve hydrophilicity by decreasing surface energy of the membrane surface. Similar results

were reported from previous studies where GO was used as a filler of composite membranes
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Fig. 3. Membrane porosity and contact angle of as-spun hollow fiber supports.

Fig. 3 show that the overall porosity of membranes increased from 65.3% to 68.6% with 0.1
wt% GO loading while this increase to 68.8% was very marginal at 0.2 wt% GO loading. This
is probably due to the effect of higher polymer concentration of dope solution that produced
denser matrix of overall membrane structure although the membrane morphology of HF-GO-

0.2 in the cross-section of SEM image seemed more porous than that of HF-GO-0.1.
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Fig. 4. AFM images of inner surface of hollow fiber supports for HF-0, HF-GO-0.1 and HF-

GO-0.2.

The surface morphology or roughness of the lumen side of the prepared hollow fiber
membranes was characterized using AFM analysis. Fig. 4 shows the three-dimensional (3D)
AFM images of the membrane lumen surfaces for HF-0, HF-GO-0.1 and HF-GO-0.2.
Additionally, the mean roughness (Ra, nm) and root mean square ridge elevation (Rms, nm)
obtained from averaging the values from five images are presented in the images. The Ra and
the Rms of HF-0 were 6.59 nm and 8.18 nm, respectively. However, the Ra and the Rms values
for HF-GO-0.1 and HF-GO-0.2 membrane samples were relatively lower due to GO

incorporation. The AFM images also show the uniform and smoother surface morphologies for
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HF-GO-0.1 and HF-GO-0.2 membrane samples, which are likely a result of well-dispersed GO

in the PES substrate [29, 44, 45, 49].

3.3. Morphology and membrane stability evaluation of TFC-PRO membranes

The successful depositions of PA layer on the inner surface of hollow fiber membranes were
confirmed by FE-SEM observation as depicted in Fig. 5. The top surface of PA layer for hollow
fiber samples was shown on the left-side images of Fig. 5 (a, b, and c) and the images on the
right (d, e, and f) show the cross-section at near the inner surface of hollow fiber. The typical
ridge-and-valley structures were seen on the membrane surfaces for all prepared TFC
membranes from the SEM images, which affirms the presence of well-formed thin film of PA
layer via interfacial IP process [18, 19, 21]. From the cross-sectional SEM images of TFC-PRO
membranes, interestingly, the average thickness (averaged from the ten randomly measured)
of PA layers has significantly decreased in the order of 269 nm, 181 nm and 163 nm for THF-

0, THF-GO-0.1 and THF-GO-0.2, respectively.

Similar tendency was experienced in previous studies which reported that the relatively smaller
pore size (Table 2) for pure PES support may have caused the MPD monomer to stay at the
mouth of the membrane pores, and rapidly diffuse into the organic phase and then react with
TMC during the IP [8, 50]. Moreover, rougher surface morphology (Fig. 4) may cause the
MPD with non-uniformly filled-up on the membrane surface. Therefore, this characteristic of
the membrane surface in the IP reaction is a result of the relatively thick, rough and ineffective
formation of PA layer [8, 51, 52]. The membrane surface with larger pore size and smoother
surface, but with hydrophilic property formed by GO incorporation may prove to be the more
favourable conditions for the regular deposition of thin MPD layer prior to the IP reaction.

Consequently, this induces the formation of homogeneous PA selective layer with thinner and
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406  defect-free PA deposition [29]. It is evident that THF-GO-0.2 had the thinnest PA layer among
407  the three prepared samples, which consisted of the characteristics of the biggest surface pore
408  but lowest roughness and strong hydrophilicity. Similar trend was also observed in the

409 literature [53].
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411  Fig. 5. PA active layer top and cross-section images near to the PA layer of THF-0 (a and d),

412 THF-GO-0.1 (b and ) and THF-GO-0.2 (c and f) characterized by FE-SEM.
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Evaluation of membrane stability and determination of their maximum ability against high
hydraulic pressure are very important especially for TFC-PRO hollow fiber membranes, in
which the active layer (PA layer) is deposited on the lumen surface of the hollow fiber. This is
because the application of the high hydraulic pressures from inside to outside will induce
physical stress resulting in an expansion of membrane inner (lumen) diameter, and
considerably affect the integrity of PA layer due to deformation [18]. Therefore, the TFC-PRO
hollow fiber membranes should possess strong mechanical properties to withstand against
hydraulic pressure on the lumen side, otherwise the hollow fiber membrane may burst
especially when the pressure exceeds its critical pressure. Polymeric membranes in general
without any support materials have limitations with its mechanical properties [54]. For the
long-term performance stability of the membrane with minimum membrane damage, the
robustness of the fabricated membranes should be evaluated and this was done by determining

the burst pressure and the critical point of each hollow fiber membrane sample [18, 21, 23, 54].

The burst pressure of the hollow fiber supports and TFC-PRO membranes was tested based on
their PWP at increasing hydraulic pressure as indicated in Fig. 6. The normalized PWP (Fig.
6(a)) for all hollow fiber supports indicated a rapid reduction in the PWP values with the
increase of applied pressures up to somewhat mainly due to membrane compaction [21]. There
was about 30% decrease of the PWP for HF-0 at 13.9 bar and then suddenly increased when
the membrane deformation starts, until the membrane is completely burst at 16.3 bar. Similar
pattern was also observed with HF-GO-0.1 membrane sample with a burst pressure of 16.2 bar.
Meanwhile, the highest burst pressure of 18.6 bar was observed for HF-GO-0.2 membrane
however, this same membrane sample also showed the most severe reduction rate in
normalized PWP which was then followed by HF-GO-0.1 and HF-0. This may be related with

the pore sizes of the hollow fiber supports (Table 2) which follows the order of HF-GO-0.2 >
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HF-GO-0.1 > HF-0. The larger pores and higher surface porosities of the membranes likely

results in more compaction of the membrane.

In contrast to the normalized PWP trend, all TFC-PRO membranes showed a gradual increase
in PWP with the increase in applied pressures (Fig. 6 (b)). This phenomenon may be the result
of the following two effects: (1) the increase of membrane effective area attributed by the
stretching and thinning of the PA layer, and (2) the reduced water transport resistance due to
the decreased membrane thickness, when the hydraulic pressure is applied to the membrane
lumen side [9, 18, 21]. The steady increase of 4 values for TFC-PRO membranes was observed
up to the point of critical pressures of around 14 bar for HF-0 and HF-GO-0.1, and 17.3 bar for
HF-GO-0.2. At pressures above the critical pressure, a sudden increase of A values was
observed until the membranes reached complete failure (burst) at around 16.0 bar for both
THF-0 and THF-GO-0.1, and 18.8 bar for THF-GO-0.1. These findings indicate that the
damage of PA layer by irreversible changes or minor defects, will be experienced before
reaching the burst pressure of hollow fiber support layer, where the support layer deformation

begins with significant increase of PWP from Fig. 6 (a) and Fig. 6 (b) [18].

The evaluation of mechanical stability of the hollow fiber membranes showed that addition of
0.1 wt% GO into PES hollow fiber support layer did not undermine the overall mechanical
stabilities compared to pure PES support. However, the hollow fiber membrane whose PES
concentration was increased by 1 wt% polymer with 0.2 wt% GO incorporation, showed
significant improvement in mechanical stability, even though this membrane was observed to
have more macrovoids and higher porosity (Fig. 2) compared to the other membranes.
Membrane toughness, which was determined by integrating the stress-strain curve as listed in
Table 2, further confirms the robustness of these fabricated membranes. The highest membrane

toughness of 3.08 N m™ was obtained for HF-GO-0.2 while the HF-0 (2.50 N m?) and HF-
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GO-0.1 (2.53 N m) showed similar toughness. This trend was consistent with the results from
the robustness tests (Fig. 6) and the mechanical strength (Table 2). Overall, the HF-GO-0.2
membrane sample showed desirable characteristic of the membrane support for TFC-PRO
membrane with improved hydrophilicity and porosity, and best mechanical properties, while

exhibiting the lowest surface roughness amongst all the samples prepared in this study.
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Fig. 6. (a) Normalized PWP (%) of HF-0, HF-GO-0.1 and HF-GO-0.2 and (b) 4 value trend
of THF-0, THF-GO-0.1 and THF-GO-0.2 as a function of applied hydraulic pressure (4P) to
the membrane lumen side to evaluate the membrane stability tested until the membrane to be

burst (DI water used as FS).

3.4. Effect of pre-stabilization on PA selective layer

In order to avoid membrane damage or breakage during PRO performance testing, the as-
spun TFC membranes were operated at maximum operating pressures (below critical pressure

point) set at 13.5 bar, 13.5 bar and 16.5 bar for THF-0, HHF-GO-0.1 and THF-GO-0.2,
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respectively. Fig. 7 exhibits the variations of the 4 values of the three TFC-PRO membranes
with operating time when operated under the RO mode during membrane pre-stabilization
period at its maximum operating pressure. It can be seen that the 4 values for all membranes
show a steep increase initially, and then remained stable with minor increase after about 60
min at which the yield strength of the membranes might have been reached and irreversible
membrane structure begins to form while steady elongation is occurring. A schematic of PRO
membrane structure variations as affected by pre-stabilization was illustrated in Fig. S7 for
better understanding of membrane pre-stabilization effect on membrane structure as well as
membrane performance. As can be seen from Fig. S7, during the pre-stabilization at each
sample’s respective pressure, both hollow fiber support and PA selective layer will be
continuously expanded and compacted with time as the membrane was stabilized the applied
pressure. This effect may consequently result in increase of membrane effective area attributed
by the stretching and thinning of both hollow fiber support and PA layer [54]. Consequently,
water transport resistance is reduced due to the decreased membrane thickness when the
hydraulic stress is propagated on the membrane lumen side. Therefore, a gradual 4 value
increase was observed for all tested samples with increase of the stabilization time as presented
in Fig. 7. After pre-stabilization of TFC membranes for lh, water permeability and salt
rejection performance were evaluated at different applied pressures as shown in Fig. S§. An
interesting observation is that the water permeability of TFC membranes (Fig. S8) after pre-
stabilization has improved almost 3-fold from ~ 0.3 L m? h! bar! to= 0.9 L m? h'! bar! at 5
bar as compared to the membranes tested without pre-stabilization (Fig. 6). However, those
values were lower than that of 4 values revealed during pre-stabilization. These trends
consequently reveal that the membranes were efficiently compacted and expanded by pre-
stabilization but it was partially recovered at lower pressures due to the elastic property of

polymeric membranes as described in Fig. S7. However, when the pressure increases, the water
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permeability of membranes is again gradually increased accordingly when the pressure is
below their burst pressures due to the re-thinning of PA layer and re-enlargement of surface
area. Meanwhile, salt rejection of all tested membranes was also improved at higher applied
pressures (Fig. S8). This can be due to induced faster solvent permeation by reducing transport
resistance as a result of larger expansion and compaction of PA selective layer at higher applied
pressure. However, since the size of water molecules is smaller than that of salt molecules,
relatively larger volume of water molecules maybe transported to the permeate side than the
amount of salt transport as the pressure increases. Similar trend was also observed and has been
discussed in previous studies [9, 19, 54]. Recently, Gai et al. reported that membrane pre-
stabilization at a high applied pressure but slightly below their burst pressure for a certain
duration is an effective approach to enhance the membranes’ PRO performance without
damaging the TFC-PRO membranes [9]. Based on the results shown in Fig. 7, we fixed the
membrane pre-stabilization period to be 1 h at the maximum operation pressure for each

membrane prior to PRO tests that were conducted to obtain the desirable PRO performance.
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Fig. 7. A value trends of the TFC-PRO membranes at different applied pressures of 13.5 bar,
13.5 bar and 16.5 bar for THF-0, THF-GO-0.1 and THF-GO-0.2, respectively, as a function
of time (min). The water permeability value of each points was determined with the averaged

values of permeated water volume for 10 min.

3.5. Transport properties of TFC-PRO membranes

Table 3 shows the mass transport properties of the as-spun TFC-PRO hollow fiber membranes.
The membranes were tested after pre-stabilization at their specified maximum operation
pressures. The prepared TFC-PRO membranes had generally similar 4 values ranging from
1.22 to 1.36 L m?h! bar!. However, slightly improved 4 values were obtained from the THF-
GO-0.1 and THF-GO-0.2. As seen from the SEM images of PA selective layer (Fig. 5),
relatively thinner PA layer is formed on the GO-incorporated hollow fiber samples compared
to THF-0 which might have reduced the mass transport resistance across the PA layer.

Meanwhile, significant improvement of the R value is observed for THF-GO-0.1 (96.1%) and
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THF-GO-0.2 (97.7%) compared to THF-0 with 93.4%, a trend consistent with the GO loading
rate. Improved hydrophilic and porous properties of membrane surface via GO incorporation
might induce the uniform distribution of MPD on the surface thus provided better environment
to form a PA layer without defect, as well as thinner thickness. A similar observation was made
in our previous studies which showed that a suitable GO loading in the membrane substrate
can result in the most favorable condition for subsequent PA layer formation by IP process [29,
30]. The hollow fiber supports with lower surface roughness, larger pore size, and hydrophilic
membrane surface induced via GO incorporation might have enhanced the PA formation for

higher permeability with higher salt selectivity [29].

An additional RO experiment for TFC membranes was conducted as presented in Table S1. In
order to compare their intrinsic membrane properties under similar conditions, all TFC
membranes were pre-stabilized at 8 bar for 1 h before determining the intrinsic properties of
the membrane. These values were then compared with the intrinsic membrane properties
obtained after pre-stabilizing at their maximum pressure (slightly lower than the burst pressure).
Fig. 8 shows the comparison of the 4 value and salt rejection properties of the TFC membranes
pre-stabilized at different pressures. Both 4 value and salt rejection performances for TFC
membranes stabilized at 8 bar revealed similar trends to those stabilized at higher pressures in
the range of 13.5-16.5 bar. One of the most noticeable findings is that, both 4 values and salt
rejection for all TFC membranes were significantly enhanced when they were pre-stabilized at
higher applied pressures of 13.5-16.5 bar. When the TFC hollow fiber membranes are pre-
stabilized at higher hydraulic pressures, the hollow fiber lumen may expand most likely with
irreversible structural change. This may result in slightly increased membrane effective area
after pre-stabilization, which then results in increased water permeability values as the same

membrane area is considered for calculation of the 4 values. In addition, elongated elliptical
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voids in the PA layer induced by further increased pressure may have caused higher water

passage while maintaining the salt selectivity [9].

Table 3. Intrinsic membrane properties and S values of TFC-PRO membranes.

THF-0 1.22+0.12 0.55 0.45 93.40 £ 2.55 769
THF-GO-0.1 1.36 £ 0.05 0.35 0.26 96.14 £ 1.27 577
THF-GO-0.2 1.27 £ 0.06 0.19 0.15 97.67+£1.19 522

Test conditions: Tested PRO membranes for THF-0, THF-GO-0.1 and THF-GO-0.2 were
conducted pre-stabilization at the pressure of 13.5 bar, 13.5 bar and 16.5 bar, respectively, for
1 h prior to the RO tests. Pure water permeability (4) value was determined at AP = 8 bar with
the DI water as FS. The R and B values were obtained at AP = 8 bar with the 2000 mg L' NaCl
as FS.
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Fig. 8. 4 value and salt rejection performances determined at AP = 8 bar after pre-
stabilization of TFC-PRO membranes: (A) all samples were pre-stabilized at 8 bar for 1 h,
(B) the samples of THF-0, THF-GO-0.1 and THF-GO-0.2 were pre-stabilized for 1 h at the
pressure of 13.5 bar, 13.5 bar and 16.5 bar, respectively (DI water used as feed for 4 values

determination and 2000 mg L' NaCl used as feed for salt rejection evaluation).

3.6. Effect of GO on TFC-PRO hollow fiber membrane performances

The PRO performance of the TFC hollow fiber membranes in terms of Jw, Js/Jw, and W, using
1 M NaCl as DS and DI water as FS, is presented in Fig. 9. The highest Ji» at 4P=0 bar was
observed for THF-GO-0.2 (43.74 L m?h!) followed by THF-GO-0.1 (42.51 L m?h!) and
THF-0 (38.62 L m2h"). On the other hand, Ji/Ji» of TFC-PRO membranes at AP=0 bar follows
the order of THF-0 (0.10 g L") > THF-GO-0.1 (0.07 g L") > THF-GO-0.2 (0.04 g L!). These
trends are mostly consistent with the intrinsic properties (4 and B values) of those TFC
membranes presented in Table 3. In particular, the initial Jw of the THF-GO-0.1 is lower
compared to the THF-GO-0.2 membrane although its 4 value is higher. This is likely because
of the improved hydrophilicity of the hollow fiber support at higher GO loading which
significantly helped reduce the ICP effect in the membrane support layer. In addition, the S
values presented in Table 3 also corresponded well with the PRO performances of the TFC
membranes. The lowest S value of 522 um was observed for THF-GO-0.2 membrane, marking
the most significant improvement as compared to control membrane (THF-0, 769 um). Several
studies have observed the positive effect of hydrophilic membrane support layer in reducing
the ICP effects which depend on the S values [22, 29, 30, 55-58]. Similar trends of Ji» reductions

were observed for all TFC membranes as hydraulic pressure increased.
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Meanwhile, the Jy/J, values gradually increased in the first operation (1%-run) due to the
expansion of the hollow fiber membrane and thinning of the PA layers. The samples THF-GO-
0.1 and THF-GO-0.2 showed a very stable Jy/Jiw (< 0.60 g L) at their maximum applied
pressures of 13.5 bar and 16.5 bar, respectively. However, as hydraulic pressure was increased,
relatively higher rate of Js/Jw increment was noticed with THF-0, whose value reached 1.18 g
L at 13.5 bar as shown in Fig. 9. As presented in Table 3, the lowest salt rejection and the
highest B/4 value (0.45 bar) for THF-0 indicate the lowest separation efficiency among the
fabricated TFC membranes. This is a likely result of the less complete formation of PA layer
further accelerated the PA deformation due to stress from the hydraulic pressure. Apparently,
a considerable increase in Jy/Ji» with pressure was observed in the second stage (2" run) for the
THF-0 membrane compared to the 1¥-run which is likely due to PA layer deformation under
repeated operation while the other membrane samples showed relatively stable or low Js/Jw
values. It is interesting to note for THF-0 membrane that more J» decrease occurred in the 2"-
run than during the 1%-run and this is probably affected by the increased Js that consequently
caused more severe ICP in the membrane support layer which reduces the osmotic driving
force across the PA selective layer [21]. However for HF-GO-0.1 membrane, relatively higher
Jw in the 2"-run compared to the 1%-run was observed which might have been caused by
continued membrane expansion (increased effective membrane surface) with an increase in
operation time as well as reduced PA layer thickness with elongated free volume, but without
significant defects in the PA layer [9]. As comparison between THF-0 and THF-0.1 in terms
of mechanical stability when the same hydraulic pressure applied, therefore, it can be
concluded that THF-0.1 has more stable performance compared to THF-0 as it continuously
retained Jy/Jw as low values although more membrane expansion occurred, while significant
PA layer deformation appeared for THF-0. Overall, the TFC-PRO hollow fiber membrane

incorporated with 0.2 wt% GO exhibited the most stable PRO performance compared to other
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membranes. Although HF-GO-0.2 was tested at a higher applied pressure of 16.5 bar however

almost no changes in Ji» and Jy/J were observed in the 2"-run indicating the high stability of

this PRO membrane.
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Fig. 9. Performance trends in Jw, JsJw and W for THF-0 (a, b), THF-GO-0.1 (c, d), and THF-
GO-0.2 (e, f) with 1 M NaCl as DS and DI water as FS, as a function of different hydraulic
pressures. (The samples THF-0, THF-GO-0.1 and THF-GO-0.2 were pre-stabilized for 1 h at

the pressure of 13.5 bar, 13.5 bar and 16.5 bar, respectively)

In the PRO process, a meaningful evaluation of membrane performance can be obtained by
calculating the W value (W m) of the membrane. Under the same operational pressure, PRO
membrane with higher water flux can produce a higher power density as the W is proportional
to Jw (Eq. (7)). From Fig. 9, the maximum W of 11.7 W m? (1%-run) at operating pressure of
13.5 bar was achieved for THF-0 membrane the power density was improved to 13.1 W m™
(1%-run) by incorporating 0.1 wt% GO in the PES hollow fiber support. These results indicate
that membrane substrate modified by the GO hydrophilic nanomaterial is an efficient approach
for manufacturing PRO membrane for enhanced power production. The highest W of 14.6 W
m™ (1%-run) at 16.5 bar applied pressure was achieved with 0.2 wt% GO loading and 1 wt%
increase of polymer concentration as a result of enhanced mechanical properties and water
permeability, reduction of ICP effect, and achieved low S value. Nevertheless, the membrane
THF-GO-0.2 showed the most stable PRO performance during the reproducibility tests (2"-

run test) among all prepared TFC membranes.

4. Conclusions

In this study, high performance TFC hollow fiber membranes were developed via
incorporation of hydrophilic GO nanosheets in the PES support layer for PRO applications.

The study indicated that addition of GO (< 0.2 wt%) in the PES hollow fiber support layer
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resulted in significantly improved structural morphologies as well as surface chemistry within
the support layer. These results in increased overall membrane porosity with larger pore size
on the surface of membrane lumen side and enhanced hydrophilicity which significantly
improved water permeability without undermining the mechanical properties of the support
layer. The GO incorporated hollow fiber support layer provided the most favorable lumen
surface structure for the effective IP reaction producing the PA layer with higher water
permeability and higher salt selectivity. The TFC-PRO hollow fiber membrane with 0.2 wt%
GO incorporation in the PES support layer presented the highest Ji» of 43.6 L m? h! and the
lowest Jy/Jw of 0.04 g L' and significantly lower S value and ICP effects compared to the
control membrane. The highest ¥ of 14.6 W m™ was achieved at 16.5 bar using 1 M NaCl as
DS and DI water as FS. In this study, optimization of GO loadings in PES supports was not
fully addressed, however, the effect of GO on the PRO performance indicated sufficiently from
experiment results. Therefore, incorporation of controlled amount of nanomaterials such as GO
nanosheets or other hydrophilic nanomaterials in hollow fiber supports could be one of the
promising approaches in fabricating TFC-PRO hollow fiber membranes with enhanced PRO

performance.
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