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H I G H L I G H T S  

• An intrusion-anchored layer was formed on hydrophobic hollow fibre membrane. 
• The active layer can be tuned from 2-D laminar stacks to 3-D mixed matrix hybrids. 
• The GO nanosheets formed covalent linkages with PVA and SSA. 
• The fabricated membrane was applied to seawater and leachate wastewater treatment.  
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A B S T R A C T   

High-performance Janus membranes have been intriguing for membrane distillation due to its distinctive fea-
tures for improving fouling and wetting resistance. However, long-term structural stability remains challenging 
owing to delamination caused by the opposite affinity between the two different kinds of materials. Herein, a 
physically-anchored hydrophilic layer containing graphene oxide (GO)/poly(vinyl alcohol) (PVA)/sulfosuccinic 
acid (SSA) i.e., GOSP layer was formed on the surface of a microporous polypropylene (PP) hollow fibre 
membrane. Meanwhile, the nanostructure of the GOSP layer could be tuned from 2-dimensional lamellar to 3- 
dimensional mixed matrix, exhibiting various water transport properties. As a result, the fabricated Janus 
membrane with the partially intruded pore channels exhibited superior antiwetting and antifouling performance 
for desalination and wastewater treatment in the direct contact membrane distillation process. For surfactant 
containing saline water, the GOSP/PP Janus membrane with optimised PVA/GO ratio possessed noticeably 
enhanced anti-wetting property compared to pristine PP membrane. In particular for leachate treatment, the 
GOSP/PP membrane produced high quality permeate with <1 mg/L ions and 10 mg/L total organics and 
maintained stable water flux while the leachate was concentrated by 5 times (80 % water recovery), providing 
great potential for using membrane distillation towards zero liquid discharge.   

1. Introduction 

Water scarcity is one of the top global challenges to meet the high 
demand of ever-growing population and industries. It is well recognised 
that seawater desalination or the reclamation of water from wastewaters 
can provide alternative water resources to enhance environmental sus-
tainability and resilience. However, since industrial wastewater or brine 
concentrate often processes a complex chemical composition and high 
salinity, challenges such as high-pressure requirement, secondary 
pollution, high fouling tendency and short membrane lifetime, limit the 

application of current reverse osmosis membrane desalination technol-
ogy [1–3]. A treatment option that is able to withstand the impacts of 
high salt concentration and fouling is sought. 

Membrane distillation (MD), an emerging desalination technology, is 
a thermally-driven separation process associated with the transport of 
water vapor through microporous hydrophobic membranes [4,5]. The 
driving force for separation is a vapor pressure gradient caused by a 
temperature difference across the MD membrane [6]. MD well suits 
recovering water from hypersaline water where low-grade waste heat 
can be utilized. However, since the chemical composition of the targeted 
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feed solution is usually complex and accompanied with low surface 
tension property due to the existence of organics and surfactants, the 
hydrophobic membranes are prone to wetting and fouling during the 
MD operation, leading to water vapor flux decline and deterioration of 
the product quality [7–9]. To date, extensive studies have been con-
ducted to improve the resistance of MD membranes to wetting and 
fouling by various methods including hydrophobic modification, hy-
drophilic modification, oleophobic modification and omniphobic 
modification [10–14]. Among these methods, hydrophilic modification 
of the MD membrane to form a Janus membrane has been attractive 
since a hydrophilic membrane surface containing polar or charged 
groups has less tendency to fouling than the hydrophobic surface 
[15–18]. In addition, the hydrophilic surface repels the hydrophobic 
moieties of the wetting resistance of the MD membrane [16]. Currently, 
the state-of-the-art Janus membranes for antiwetting and antifouling 
MD are designed by integrating hydrophilic polymers and functional 
nanomaterials on hydrophobic or omniphobic substrates [19]. Huang 
et al. prepared hydrophilic multilayers on electrospun fibrous cetyl-
trimethylammonium bromide/poly(vinylidene fluoride-co-hexa-
fluoropropylene) (CTAB/PVDF-HFP) substrate using fluorinated silica 
nanoparticles (SiNPs) to form the first layer and polymer composite 
consisting SiNPs, chitosan and perfluorooctanoate as the second layer 
[20]. The fabricated membranes exhibited outstanding antiwetting 
performance towards the feeds with increasing concentrations of sodium 
dodecyl sulfate (SDS) (from 0.1 mM to 0.4 mM) while the control hy-
drophobic PVDF-HFP membrane was wetted in the presence of SDS, 
showing increased water fluxes by multiple times and decreased salt 
rejection down to 40 %. On the other hand, the Janus membrane also 
exhibited stable salt rejection and water fluxed when processing oil-in- 
water emulsion. As a comparison, the PVDF-HFP membrane was 
fouled when the MD was conducted within only 1 h by decreasing the 
flux decreased to <20 % of the initial flux. Commercial PVDF hollow 
fibre membranes were modified via dopamine polymerization on the 
surface followed by in situ immobilization of silver nanoparticles 
(AgNPs) [21]. The resultant Janus membranes with multilevel surface 
roughness exhibited robust long-term stability in surfactant solutions as 
well as emulsions in a 96-h bench-scale test whereas a rapid decrease in 
salt rejection with fast fluctuation in water fluxes was observed for the 
PVDF membrane. It was demonstrated that thin poly(vinyl alcohol) 
(PVA)/metal-organic framework (MOF) mixed matrix membrane 
could be used as the hydrophilic layer to enhance the antiwetting and 
stability of the fabricated Janus membrane when the dispersion of the 
MOF particles was uniform [15]. However, the agglomeration of the 
MOF particles gave rise to decline of the separation performance. As for 
the Janus membranes for MD, it is challenging to obtain good interfacial 
attachment owing to the immiscibility between the two layers [22,23]. 
Hydrophilic modification with low mass transport resistance and high 
structural stability is therefore highly desired for practical and energy- 
efficient MD applications [24,25]. 

In recent years, laminar assembly of graphene oxide (GO) nanosheets 
has been appealing as a novel platform for molecule separations due to 
its frictionless two-dimensional (2D) nanochannels and precise molec-
ular sieving property [26–29]. Owing to the existence of polar functional 
groups, the hydrophilic property of the GO nanosheets makes them 
particularly attractive as the modifier for MD membranes. For example, 
Bhadra et al. [30] immobilized GO nanosheets on polytetrafluoro-
ethylene (PTFE) membrane surface and used the GO immobilized 
membrane (GOIM) for desalination via direct contact MD (DCMD). For 
the GOIM membrane, the water flux (94 kg/m2 h at 80 ◦C feed tem-
perature and 20 ◦C at permeate side) was 35 % higher than the pristine 
membrane and that could be attributed to the GO-introduced features 
including selective sorption, nanocapillary effect, reduced temperature 
polarization as well as the presence of polar functional groups. However, 
a significant challenge for the application of the GO laminar assembles 
in aqueous environment is the water-induced swelling (enlargement of 
the interlayer spacing) [31,32]. Our previous study demonstrated the 

crosslinking of GO nanosheets using hydrophilic chemicals with dual 
reactive entities is an efficient strategy to enhance the swelling resis-
tance while increasing the water transport in a pervaporation process 
[33]. As such, employing crosslinked GO is promising for the hydro-
philic modification of MD membranes to enhance the antiwetting and 
fouling capability of MD membranes. 

Herein, the hydrophilic modification of a polypropylene (PP) hollow 
fibre MD membrane using GO as a building block and sulfosuccinic acid 
(SSA) as a crosslinker is presented. PVA was employed as a flexible 
spacer as well as a reactive bridging agent for the crosslinked GO as-
semblies, rendering both increased hydrophilicity and tunable perme-
ability of the GO network. In this work, the PVA to GO ratio varied from 
0.1 to 10, giving rise to a variation from 2D laminar structure to three- 
dimensional (3D) mixed matrix structure. The MD performances related 
to the aforementioned structures were compared for the first time. In 
addition, the pores of the modified PP based MD membrane were 
partially intruded by the PVA/GO/SSA mixed material, leading to an 
anchored Janus construction and thus a Janus pore channel. Then, the 
resultant membrane was applied in DCMD process towards real 
seawater desalination and leachate treatment where the results 
demonstrated that attaching the GO/PVA/SSA hydrophilic layer on the 
PP substrate effectively enhanced the antiwetting property and stability 
as compared with the bare PP membrane. This work provided a feasible 
strategy of hydrophilic modification of MD membranes for potential 
application in wastewater treatment towards zero liquid discharge and 
in-depth understanding of the structure-performance relationship for 
antiwetting and antifouling MD. 

Nomenclature 

GO graphene oxide 
PVA poly (vinyl alcohol) 
SSA sulfosuccinic acid 
GOSP graphene oxide/poly (vinyl alcohol)/sulfosuccinic acid 
PP polypropylene 
MD membrane distillation 
DCMD direct contact membrane distillation 
CTAB cetyltrimethylammonium bromide 
PVDF-HFP poly(vinylidene fluoride-co-hexafluoropropylene) 
SiNPs silica nanoparticles 
SDS sodium dodecyl sulfate 
PVDF polyvinylidene fluoride 
AgNPs silver nanoparticles 
MOF metal-organic framework 
2D two-dimensional 
3D three-dimensional 
PTFE polytetrafluoroethylene 
GOIM graphene oxide immobilized membrane 
NaCl sodium chloride 
HF hollow fibre 
EC electrical conductivity 
GOSP/PP-0.1 graphene oxide/poly (vinyl alcohol)/sulfosuccinic acid 

on polypropylene with 10 wt% poly(vinyl alcohol) and 20 wt 
% sulfosuccinic acid in weight percentages to graphene oxide 

GOSP/PP-1 graphene oxide/poly (vinyl alcohol)/sulfosuccinic acid on 
polypropylene with 100 wt% poly(vinyl alcohol) and 20 wt% 
sulfosuccinic acid in weight percentages to graphene oxide 

GOSP/PP-10 graphene oxide/poly (vinyl alcohol)/sulfosuccinic acid 
on polypropylene with 1000 wt% poly(vinyl alcohol) and 20 
wt% sulfosuccinic acid in weight percentages to graphene 
oxide 

GOSP/PP-0.1(10) graphene oxide/poly (vinyl alcohol)/sulfosuccinic 
acid on polypropylene with 10 wt% poly(vinyl alcohol) and 
20 wt% sulfosuccinic acid in weight percentages to graphene 
oxide; the concentration of the graphene oxide stock solution 
is 0.1 mg/L 
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GOSP/PP-0.1(50) graphene oxide/poly (vinyl alcohol)/sulfosuccinic 
acid on polypropylene with 10 wt% poly(vinyl alcohol) and 
20 wt% sulfosuccinic acid in weight percentages to graphene 
oxide; the concentration of the graphene oxide stock solution 
is 0.5 mg/L 

GOSP/PP-0.1(100) graphene oxide/poly (vinyl alcohol)/sulfosuccinic 
acid on polypropylene with 10 wt% poly(vinyl alcohol) and 
20 wt% sulfosuccinic acid in weight percentages to graphene 
oxide; the concentration of the graphene oxide stock solution 
is 1 mg/L 

FESEM field emission scanning electron microscope 
WCAs water contact angles 
ATR-FTIR attenuated total reflectance-Fourier transform infrared 
DSC differential scanning calorimetry 
ICP-OES inductively coupled plasma optical emission spectroscopy 
LEP liquid entry pressure 
XRD X-ray diffraction 
J water flux (kg/m2 h) 
ΔW mass change of permeate (kg) 
A effective membrane area (m2) 
t time interval during the permeate mass change (h) 
Jn normalized flux (kg/m2 h) 
Jm water flux obtained for the required test (kg/m2 h) 
J0 water flux when the feed was DI water (kg/m2 h) 
WR water recovery (%) 
V0 initial feed volume (L) 
Vt volume of feed at time t (h) 
Vp volume of the permeate (L) 
R salt rejection (%) 
Cp salt concentration in the permeate (mg/L) 
Cf salt concentration in the feed (mg/L) 

2. Experimental 

2.1. Materials 

PVA (Mw = 96,000 g/mol), absolute ethanol, SSA (70 wt%), sodium 
chloride (NaCl), SDS and mineral oil (heavy grade) were all sourced 
from Sigma-Aldrich. GO nanosheets (length 0.5–5 μm, thickness 0.8–1.2 
nm) were purchased from XFNano Inc., China. All chemicals were 
analytical grade and used as received. Commercial PP hollow fibre 
membranes with pore size in the range of 0.3–0.8 μm were bought from 
Membrana GmbH, Germany. The seawater was collected from Black 
Rock Beach in Melbourne, Australia. The main cation concentrations of 
the real seawater are listed in Table S1 in the Supplementary Informa-
tion (SI). The landfill leachate was obtained from Environmental Group 
Ltd. (EGL), Australia. 

2.2. Synthesis of Janus membranes 

To prepare PVA stock solution, 6 g of PVA was added into 94 g of DI 
water whilst stirring, the solution was then heated to 95 ◦C under stir-
ring for 4 h. To prepare GO stock solution, 50 mg of GO was added into 
100 mL DI water, followed by sonication in an ice bath for 3 h. A series of 
coating solutions were then made by mixing the required amount of PVA 
stock solution, SSA and GO solution, where the SSA was fixed at 20 wt% 
with respect to GO and the concentration of PVA relative to GO was 
varied, namely 10, 100 and 1000 wt%. The corresponding membranes 
were then named GOSP/PP-0.1, GOSP/PP-1 and GOSP/PP-10 respec-
tively. Another series was made by specifically fixing the optimum PVA 
to GO ratio at 10 wt% but changing GO amounts to 10, 50 and 100 mg in 
the GO stock solution, and the resulting membrane samples were named 
GOSP/PP-0.1(10), GOSP/PP-0.1(50), GOSP/PP-0.1(100), respectively. 
The specific compositions of the aforementioned hydrophilic layers 
were listed in Table 1. 

Hollow fibre (HF) membrane modules were assembled via an epoxy- 

potting technique [34,35] containing 20 fibres with the effective length 
of the membrane of 200 mm (shown in Fig.S1 in the SI). The preparation 
of the Janus membrane was realized by an ethanol-assisted vacuum 
filtration process. Briefly, ethanol was first introduced unto the shell side 
of the membrane modules and the membranes soaked in the ethanol for 
30 s in order to wet the outer surface of the HFs. Then, the above- 
mentioned coating solution prepared was added unto the shell side of 
module, and vacuum filtered through the PP HF surface until no 
permeate was observed. The coated module was then gently blow-dried 
using air in both the lumen and shell sides and then thermally treated in 
an oven at 75 ◦C for 2 h. 

2.3. Membrane testing 

Fig. 1 shows a schematic drawing of the lab scale DCMD testing 
system employing hollow fibre membrane module. The feed solution (1 
L) was first heated to 50 ◦C via a water bath, and then pumped into the 
shell side of the HF module; DI water (500 mL) was cooled to 10 ◦C and 
circulated at the lumen side of the membrane. Two peristaltic pumps 
were used to circulate flows in a counter-current mode both at flowrates 
of 350 mL/min. The mass of the cold permeate water were weighted 
using a digital scale (A&D, Model GF-6000) equipped with a data 
acquisition system. The electrical conductivity (EC) of the permeate 
stream was monitored continuously with a conductivity meter (Hanna 
HI98192) to evaluate salt rejection and anti-wetting property of the 
GOSP/PP membranes. The water flux (J) was calculated by the 
following equation [36]: 

J =
ΔW
At

(1)  

where J is the permeate flux, ΔW is the mass change of permeate (kg), A 
is the effective membrane area (m2) and t represents the time interval 
(hour) during the permeate mass change. For better comparison, the 
normalized flux (Jn) was utilized and calculated using the Jm as obtained 
for the required test and J0 when the feed was DI water: 

Jn =
Jm

J0
(2) 

For each experiment, water recovery (WR) is obtained by Eq. (3), 
where V0 (L) and Vt (L) are the initial feed volume and volume of feed at 
time t (h); 

WR =

(

1 −
Vt

V0

)

× 100% (3) 

The salt rejection (%) was determined by Eq. (4) as described else-
where [37,38]: 

R =

(

1 −
VpCp

JAtCf

)

× 100% (4) 

Cp and Cf are denoted as the salt concentration in the feed and 
permeate solutions, respectively. Vp was the volume of the permeate. 

Table 1 
Compositions of the hydrophilic layers.a  

Membranes GO loading (wt 
%) 

PVA loading (wt 
%) 

SSA loading (wt 
%) 

GOSP/PP-0.1  76.9  7.7  15.4 
GOSP/PP-1  45.5  45.5  9.0 
GOSP/PP-10  8.9  89.3  1.8 
GOSP/PP-0.1(10)  76.9  7.7  15.4 
GOSP/PP-0.1(50)  76.9  7.7  15.4 
GOSP/PP-0.1 

(100)  
76.9  7.7  15.4  

a GOSP/PP-0.1(10), GOSP/PP-0.1(50) and GOSP/PP-0.1(100) refer to the 
samples in which the PVA to GO ratio was fixed and the GO concentrations in the 
stock solutions were 0.1, 0.5 and 1 mg/L, respectively. 
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2.4. Characterization 

Surface and cross-sectional morphologies of the membranes were 
examined by a field emission scanning electron microscope (FESEM, 
Zeiss Merlin Gemini2). Surface roughness was analysed by a 3D laser 
microscope (Olympus OLS4100 LEXT). The water contact angles 
(WCAs) were measured by an optical tensiometer (KSV CAM200) to 
ascertain the hydrophobicity or hydrophilicity of the membranes. Both 
the inner and outer surface of the membranes were measured via slicing 
open the HFs followed by flattening on the sample plate. The chemical 
structure was evaluated by attenuated total reflectance-Fourier trans-
form infrared (ATR-FTIR) spectroscopy (Perkin-Elmer Spectrum 2000 
FTIR instrument) for both the GO and HF membranes. The crystalline 
structures of the GO and membranes were studied using X-ray diffrac-
tometer (Rigaku SmartLab X-ray diffractometer). Inductively coupled 
plasma optical emission spectroscopy (ICP-OES) analysis was conducted 
using Varian 730 ICP-OES after the as-prepared membrane samples was 
immersed in water for 48 h and acidified with nitric acid for elemental 
detection. Liquid entry pressure (LEP) of membranes were measured 
according to the method as described by the literature [39,40], the 

modified experimental set up is illustrated in Fig. 2. A high-pressure 
stainless-steel vessel was filled with DI water and subjected to air pres-
sure adjusted by a regulator. The downstream of the vessel was then 
connected to a shell side of a dry HF module, the other end of the shell 
side and one end of the lumen side were capped off. Pressure was 
increased slowly with an increment of 0.5 kPa whilst monitoring the 
digital pressure transducer. The pressure at which DI water started to 
flow from the uncapped lumen side is taken as the LEP value of the HF 
membrane. 

3. Results and discussion 

3.1. Physicochemical property of the GOSP layer 

As shown in Fig. 3, the ATR-FTIR spectrum of the GO nanosheets 
shows adsorption bands at 1089 cm− 1, 1250 cm− 1, 1644 cm− 1, 1731 
cm− 1 and 3390 cm− 1, which can be attributed to the functional groups 
of C-O-C, C–O, C–C, C––O and -OH, respectively [41]. For the PVA, it 
can be identified by the characteristic bands ranging from 3000 to 3700 
cm− 1 for the hydrogen bonded -OH groups and peaks at 2985 and 2820 

Fig. 1. Schematic of experimental set up for HF membranes in a DCMD process.  

Fig. 2. Schematic of experimental set up for LEP measurements.  
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cm− 1 for the asymmetric and symmetric stretching of -CH groups, 
respectively, 1450 cm− 1 for CH2 (from the PVA backbone) bending vi-
bration and 1085 cm− 1 for C–O of the hydroxyl groups [42]. After the 
addition of SSA and PVA into the GO, the GOSP/PP-1 exhibited new 
peaks at 725, 1048, 1184 and 1725 cm− 1 which corresponded to the 
stretching vibration of C–S, S–OH, S––O and -COO-. This indicated that 
the SSA was covalently linked to the GO nanosheets via the formation of 
ester groups while retaining its sulfonic acid groups. When the content 
of PVA was increased from 0.1 to 10, the peak intensity of -COO- was 
also increased accordingly, suggesting that the intercalated PVA mole-
cules were also forming ester groups either with SSA or GO. In order to 
further investigate the formation of the covalent linkage between them, 
freestanding GO/PVA, GO/SSA and PVA/SSA films were prepared and 
the FTIR spectra are shown in Fig.S2 in the SI. It can be seen that the 
characteristic peaks of ester groups were hardly observed in GO/PVA 
while GO/SSA and PVA/SSA formed the ester groups (-COO-) by 

exhibiting adsorption peaks at 1725 cm− 1. This could be attributed to 
the SSA releasing hydrogen ions when dissolved in water. As a result, the 
hydrogen ions alter the pH of the solution as required for the esterifi-
cation reaction. In addition, it was reported that sulfonic acid groups 
also act as catalysts for condensation and esterification reactions 
[43,44]. Therefore, the SSA dominated the covalent linkage within the 
membrane. 

The GO nanosheets and GOSP layers were analysed by X-ray 
diffraction (XRD) patterns to compare the d-spacing change in both dry 
and wet state. As shown in Fig. 4, the dry GO exhibited a characteristic 
peak at 11.08◦, corresponding to a d-spacing of 0.80 nm. For the GOSP- 
0.1 and GOSP-1, the d-spacing increased to 0.89 nm (9.84◦) for GOSP- 
0.1 and 1.39 nm (6.34◦) for GOSP/PP-1, respectively. However, the 
GOSP-10 film mainly exhibited the orthorhombic lattice (101) of PVA 
(19.5◦). This indicated that the nanoscale structure of the GOSP film was 
altered from the 2D laminate to the mixed matrix hybrid when the PVA 
content in GOSP was high (10 times higher than the GO as in GOSP-10), 
leading to the disorder of GO alignments and thus the random distri-
bution in the PVA matrix. On the other hand, the GO and GOSP layer 
showed different swelling characteristic in the wet state after the sam-
ples were immersed in DI water for 12 h and wiped off the water on the 
surfaces. As can be seen in Fig. 4, the characteristic peak of GO shifted 
down to 6.81◦ in the wet state, corresponding to a significant increased 
d-spacing of 1.29 nm as opposed to 0.80 nm at the dry state, indicating 
significant swelling of GO as expected. In contrast, the XRD pattern of 
the GOSP/PP-0.1 and GOSP/PP-1 demonstrated the d-spacing of 1.24 
and 1.86 nm, respectively. The XRD pattern for wetted GOSP/PP-10 
remained relatively stable compared with the dry state since PVA was 
semi-crystalline polymer. In summary, the GO exhibited a 63 % increase 
in the d-spacing while the GOSP/PP-0.1 and GOSP/PP-1 exhibited only 
39 % and 34 % increases, respectively. These results demonstrated that 
the covalent linkage among GO, SSA and PVA played a critical role in 
restraining the swelling of GO nanosheets. 

3.2. Morphology of the Janus membranes 

3D laser microscope was utilized for imaging the outer surface of the 

Fig. 3. ATR-FTIR spectrum of the free-standing films.  

Fig. 4. XRD results of the synthesized membrane materials.  
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PP and GOSP/PP hollow fibre membranes as shown in Fig. 5. Compared 
to the PP, the GOSP/PP exhibited similar surface morphology, but var-
ied in colour, which indicated that the PP was covered tightly by the GO 
based (GOSP/PP-0.1 and GOSP/PP-1) or PVA based (GOSP/PP-10) 
layer. When the PVA concentration was increasing, the nano-structure of 
the deposited layer was transformed from 2D laminates to mixed matrix 
hybrids, in line with the colour change from dark brown to light brown. 
Derived from these images, the corresponding 3D models were built up 
as inserted in the images to analyse the surface roughness. As listed in 
Table 2, the bulk surface roughness was increased from 1.44 μm (PP) to 
1.84 μm (GOSP/PP-0.1) after GO/PVA/SSA surface modification. With 
the increasing of the PVA content, there was an increasing trend in the 
surface roughness for the GOSP/PP membranes since the increased PVA 
loading could disorder the regularly packing of the GO nanosheets as 
evidenced in the XRD results. 

To further investigate the microstructure, both surface and cross- 
sections of the membranes were imaged using SEM as shown in Fig. 6. 
Compared with the PP with open pores on the surface (Fig. 6a), GOSP/ 
PP membranes revealed the successful deposition of a dense layer on the 
PP surface (Fig. 6 b-d). Some concave indentations can be found on their 
surfaces, implying local curving of the flexible GO nanosheets induced 
by the vacuum pressure during the filtration process. The concave in-
dentations on the membrane surface effectively reduced with increased 
PVA content from GOSP/PP-1 to GOSP/PP-10, showing a smoother 
laminating layer in the imaged area. However, it should be noted that 
tiny pinholes can be observed on the surface of GOSP/PP-0.1 and GOSP/ 
PP-1 in high-resolution images (Fig.S3a-c, SI). This phenomenon could 
be attributed to the penetration of the coating material into the PP 
substrate since PVA, SSA and some GO nanosheets were smaller than the 
surface pore sizes of the PP. To verify this, the cross-sectional SEM 

imaging was conducted. It can be seen from Fig. 6 (e)-(h) that some pore 
channels of the PP were blocked due to the intrusion of the coating 
material. As a result, the GOSP/PP membrane had a dense layer inti-
mately attached on top with partially anchoring structure into the PP 
pores while keeping the structural stability of the HFs (Fig. S3d). In 
addition, it was also possible that the increase in the PVA loading could 
significantly reduce the regularity of the GO alignment from 2D laminar 
structure to mixed matrix structure while enhancing the intrusion as 
observed from Fig. 6 (e)-(h). 

3.3. Hydrophilic/hydrophobic properties of the membrane surfaces 

As shown in the Fig. 7, both the outer and inner surfaces of the PP 
hollow fibre were hydrophobic by exhibiting WCAs of 118 ± 2◦. In 
contrast, the deposition of the GO/PVA/SSA mixture demonstrated hy-
drophilic outer surfaces of the GOSP/PP membranes with values of 54.6, 
53.3 and 62.6◦ for GOSP/PP-0.1, GOSP/PP-1 and GOSP/PP-10, 
respectively. The hydrophilic outer surfaces were due to the presence 
of hydrophilic groups from GO, PVA and SSA. In addition, the inner 
surfaces of the GOSP/PP membranes remained hydrophobic by keeping 
the WCAs in the range of 115–120◦, attesting that no GO and/or PVA 
seeped through to the inner surface during the membrane preparation 
process. Therefore, the surface modification of the PP HF by the GO/ 

Fig. 5. 3D surface roughness of PP HF and GOSP/PP HF membranes; (a) PP HF, (b) GOSP/PP-0.1, (C) GOSP/PP-1, (d) GOSP/PP-10.  

Table 2 
Surface roughness of the PP and GOSP/PP membranes.  

Membrane PP GOSP/PP-0.1 GOSP/PP-1 GOSP/PP-10 

Surface roughness (μm) 1.44 1.84 1.95 2.94  
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PVA/SSA mixture effectively rendered the outer surface hydrophilic 
while maintaining the hydrophobicity of the inner surface, forming a 
Janus structured membrane. 

3.4. Pore sizes of the Janus membranes 

The pore sizes of the fabricated GOSP/PP membranes were measured 
using capillary flow porometers and the pore size distribution was pre-
sented in Fig. 8. For the pristine PP, the mean pore size was 0.41 μm 
whereas all the GOSP/PP membranes showed reduced pore sizes. To be 
specific, the GOSP/PP-0.1 membrane had an average pore size of 0.23 
μm while the GOSP/PP-1 exhibited two major peaks in the pore size 
distribution, centering at 0.20 and 0.31 μm, respectively. The sharpest 
pore size distribution with the majority of the pores allocating at 0.21 
μm was observed for the GOSP/PP-10 membrane. This could be 
contributed to the penetration into the PP layer and pore blockage with 
the increased PVA concentration. As shown in the SEM images, the 
vacuum filtration of the GO/PVA/SSA mixture through the PP substrate 
could effectively form a dense layer atop the PP layer with possible 
intrusion. As a result, the average pore size of the fabricated GOSP/PP 
membrane was reduced due to the presence of the GO based or PVA 
based dense layer. Furthermore, it can also be seen that the increase in 
the PVA contents was beneficial for the continuous reduction of the pore 

sizes, suggesting the increased deposition of PVA molecules in the pore 
channels. 

3.5. LEP measurements 

LEP is an important characteristic to determine the wettability of the 
MD membranes and a higher LEP is desired to prevent membrane wet-
ting. Compared with pristine PP that exhibited a LEP of 398 kPa, the 
GOSP/PP membranes had comparable LEPs of 424 kPa for GOSP/PP-0.1 
and 408 kPa for GOSP/PP-1 whereas the GOSP/PP-10 had significantly 
decreased LEP of 73 kPa (Fig. 9). The obviously lower LEP of GOSP/PP- 
10 was because the increase in the PVA contents led to greater likelihood 
of penetrating further into the pores and thus rendered a significant part 
of the pores as hydrophilic. In this case, the membrane exhibited a 
hydrophilic-assisted mass transport property and thus the pressure that 
was required for the liquid to flow through the rest of the pores was 
much lower. For the GOSP/PP-0.1 and 1 membranes, the intrusion was 
slight and the increase in the LEP can be resulted from the additional 
capillary pressure (Pc) derived by the Young− Laplace equation (Eq. (5)) 
where γrepresents the liquid surface tension, θ is the contact angle of the 
membrane surface, and the d is the average pore diameter [45]. 

Fig. 6. SEM images of the PP and GOSP/PP membranes; (a) surface view of the PP, (b) surface view of the GOSP/PP-0.1, (c) surface view of the GOSP/PP-1, (d) 
surface view of the GOSP/PP-10, (e) cross-section view of the PP, (f) cross-section view of the GOSP/PP-0.1, (g) cross-sectional view of the GOSP/PP-1, (g) cross- 
section view of the GOSP/PP-10. 

Fig. 7. WCAs of membrane outer and inner surfaces.  

Fig. 8. Pore size results of the membranes.  
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Pc =
4γ cosθ

d
(5) 

It was known that the pore sizes were decreased and the contact 
angles were <90◦. When in contact with the GOSP/PP membrane sur-
faces, water molecules were firstly drawn into the dense GO/PVA/SSA 
hydrophilic layer followed by penetrating through to the hydrophobic 
PP layer, in which the capillary pressure at the GOSP and PP interface 
could endow resistance for the water transport, imposing extra pressure 
to the critical transmembrane pressure. In order to further investigate 
the effect of intrusion on the LEPs, various GO concentrations, i.e., 10, 
50 and 100 mg/L with fixed amount of PVA and SSA ratio (same as 
GOSP/PP-0.1) were measured as a comparison. As shown in Fig.S4 in 
the SI, the LEPs increased continuously from 399 kPa to 455 kPa when 
the GO concentration was increased from10 mg/L to 100 mg/L. This 
suggested that the GO nanosheets were effectively covering the hydro-
phobic pores and forming a dense hydrophilic layer on top whereas the 
PVA molecules were apt to infiltrate into the pores. 

3.6. DCMD performance of the membranes 

Desalination of 3.5 wt% NaCl solution by DCMD was carried out to 
probe the separation properties of the fabricated membranes. As shown 

in Fig. 10, the pristine PP HF membrane exhibited 4.9 ± 0.2 kg/m2 h of 
water vapor flux and 99.8 % of salt rejection whereas the GOSP/PP 
membranes showed similar salt rejection over 99.5 % with reduced 
water vapor fluxes that were 3.4 ± 0.2 kg/m2 h for the GOSP/PP-0.1, 4.6 
± 0.3 kg/m2 h for the GOSP/PP-1 and 4.6 ± 0.3 kg/m2 h for the GOSP/ 
PP-10. It is reasonable that the PP had higher water vapor flux consid-
ering the reduced pore sizes of the GOSP/PP membranes as evidenced by 
the pore size distribution data. The GOSP/PP-1 and GOSP/PP-10 
exhibited similar water vapor fluxes but they had different mass trans-
port mechanisms (detailed discussion could be found in Section 3.7). To 
be specific, in the DCMD desalination process, as depicted in Fig. 11, the 
separation was based on the water vapor diffusion from the liquid- 
membrane interface down to the permeate side of the membrane. The 
MD membrane acts as an effective barrier to reject the entry of water 
while allowing the transport of the vapor under the driving force (partial 
vapor pressure difference) as occurred in the pristine PP membrane 
(Fig. 11a). For the GOSP/PP membranes, the presence of the hydrophilic 
GOSP layer led to the water molecules firstly adsorbing on the surface of 
the GOSP/PP membranes followed by diffusing towards the interface 
between the GOSP and PP. The 2D laminar structure of the GOSP-0.1 
(Fig. 11b) and GOSP-1 (Fig. 11c) as well as the mixed matrix structure 
of the GOSP-10 (Fig. 11d) could thereby add resistance for water 
transport before reaching the permeate side. Meanwhile, due to the 
partial intrusion, some of the internal pore channels in PP layer could 
possibly exhibit both hydrophilic and hydrophobic property, i.e., a 
Janus pore structure as shown in Fig. 11c and d, thereby leading to a 
reduced distance for vapor transport through the pores. Therefore, for 
some pores that were penetrated by the casting solution, the GOSP/PP 
membranes featured the transport behaviours including the permeation 
through the hydrophilic layers as well as that through the intrusion 
modified pore channels. For some pores that were not intruded, the 
transport was realized by water permeation through the hydrophilic 
layer and the vapor transport through hydrophobic layer. Moreover, it 
can be seen that the water vapor flux was increased with the augment of 
PVA concentration, indicating that the mixed matrix structure was 
beneficial for promoting the water transport through the Janus struc-
ture, possibly owing to the boosting of water evaporation through the 
polymer-based separating layer and the intrusion that reducing the 
vapor transport path, in line with our previous study [15]. On the other 
hand, the LEPs of the GOSP/PP membranes were also decreasing with 
the addition of PVA. It suggested the hydrophobic forces of the GOSP/PP 
membrane membranes were impaired, which favoured the penetration 

Fig. 9. LEPs of the membranes.  

Fig. 10. (a) DCMD performance comparison using 3.5 wt% NaCl solution as the feed; the feed temperature was 50 ◦C and the permeate temperature was 10 ◦C.  
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of water into the membrane pores [46]. 

3.7. Antiwetting properties of the fabricated membranes 

In order to investigate the antiwetting property of the membranes, 
pristine PP and the GOSP/PP membranes prepared from various PVA/ 
GO ratio or GO concentrations with fixed PVA ratio, were tested using 
aqueous mixture containing 3.5 wt% NaCl and 0.4 mM SDS surfactant as 
the feed solution. In Fig. 12a, the permeate conductivity versus time was 
drawn to visualize the impact of surfactant on the stability of the 
membrane during the DCMD process. Compared to the pristine PP 

membrane, both the GOSP/PP-0.1 and GOSP/PP-1 exhibited superior 
wetting resistance as evidenced by the time-lag when the emergence of 
the uptrend in permeate conductivity was observed. Nevertheless, pore 
wetting occurred to the GOSP/PP-10 membrane earlier than the pristine 
PP membrane as identified by the substantial increase in salt rejection. 
This is in consistent with the LEP result that the GOSP/PP-10 had the 
lowest LEP and thus less wetting resistance. In general, the amphiphilic 
SDS molecules contribute to the reduction of LEP by reducing the feed 
surface tension as well as forming hydrophobic-hydrophobic interaction 
with the membranes, leading to the immobilization of the hydrophilic 
heads on the internal pore surface. Consequently, a water bridge is 

Fig. 11. Transmembrane behaviours in the membranes; (a) pristine PP membrane; (b) GOSP/PP-0.1 membrane; (c) GOSP/PP-1 membrane; (d) GOSP/PP- 
10 membrane. 

Fig. 12. Antiwetting performance tests: (a) GOSP/PP membranes with various PVA concentrations; (b) GOSP/PP-0.1 membranes with various GO concentrations.  
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thereby formed and the saline feed solution could infiltrate into the 
pores, leading to the passage of salts. However, upon the attachment of 
the GOSP layer, the membrane surface became hydrophilic. Therefore, 
instead of the hydrophobic-hydrophobic interactions between the sur-
factant and the PP, the existence of the hydrophilic layer intended to 
form attractive interactions with the hydrophilic head while repelling 
the hydrophobic tail. As such, formation of the water bridge by surfac-
tant could be effectively avoided. The enhanced wetting resistance for 
the GOSP/PP-0.1 and GOSP/PP-1 was also well aligned with the 
increased LEP values. However, it can be identified that the increase in 
the PVA loading was detrimental for antiwetting behavior of the GOSP/ 
PP membranes, particularly as the GOSP/PP-10 membrane exhibited 
declined wetting resistance. It was demonstrated in the cross-section 
view that PVA leaded to severe intrusion of the GOSP layer when its 
content was 10 times that of the GO. That was mainly due to the 
penetration of PVA molecules and their attachment on the internal pore 
surface as depicted in Fig. 11d. On the other hand, it can be seen from 
the WCA results that no hydrophilic materials penetrated through to the 
downstream side of the PP membrane since the inner surface of the PP 
membrane remained hydrophobic. Therefore, the intrusion was partial 
in the pores, leading to the PP pore channels with both hydrophilic and 
hydrophobic parts, i.e., a Janus transport path through the pores. In this 
case, the hydroxy groups from PVA provided the “water bridge” 
partially, resulting in the pores more easily to be wetted. When the PVA 
amount was low, the intrusion in the pores was not supposed to be as 
deep as that of high PVA concentration (10 times of the GO). The PVA 
molecules mainly functioned as the spacer to modify the GO with 
possible covalent linkages as evidenced in the FTIR results, which 
enhanced the structural stability of the 2D GO based layer. 

Apart from the impact of PVA, the amount of GO deposited on the PP 
was further investigated by changing the GO concentration in the 
aqueous mixture. As shown in Fig. 12b, the antiwetting capability cor-
responded well with the GO concentration, that is, the membrane pre-
pared from the solution containing 100 mg/L GO exhibited the least 
tendency in the increase of the permeate conductivity whereas those 
prepared from 10 mg/L and 50 mg/L GO solutions (10 % PVA and 20 % 
SSA) was unable to sustain the salt rejection after 40 min and showed 
greater gradient in the increase of permeate conductivity. These results 
indicated that with only 10 or 50 mg/L GO in the solution, the reduced 
effective pore sizes of the GOSP/PP membranes with the pinholes were 
not able to prevent the pores from the surfactants in the feed. The 
wetting of the membrane pores was alleviated but still not completely 
prohibited. When the GO concentration increased to 100 mg/L, the 
effective pore size of the GOSP/PP membrane was further reduced by 
covering the pinholes since there were enough deposited GO nano-
sheets. As a result, the GOSP layer became denser and thicker, and was 
beneficial for avoiding the contact between the surfactants and PP. 

3.8. Antifouling properties and long-term stability of the fabricated 
membranes 

To further demonstrate the fouling resistance improvement for the 
modified membrane, GOSP/PP-0.1(100) and pristine PP membranes 
were subjected to DCMD desalination with the addition of mineral oil 
over time into the feed solution as shown in Fig. 13. Initially, with the 
first 2 additions of 110 mg mineral, both PP and GOSP/PP-0.1(100) 
showed no decline of flux. But after passing 210 min mark with a cu-
mulative addition of 940 mg mineral oil, the PP membrane started to 
exhibit sudden drop in flux with close to 10 % reduction and severe 
inconsistency in flux was observed. This was because of the interactions 
between the oil and PP membrane, that is, non-polar oils can easily 
adhere to pristine PP membrane by hydrophobic interactions. For the 
GOSP/PP-0.1(100) membrane, on the other hand, it did not encounter 
such sudden flux drop. However, it started to show signs of gradual flux 
decrease with time. At 470 min mark, another 500 mg of mineral oil was 
added into the feed solution, the PP membrane exhibited continuous 

drop in the flux while the flux of the GOSP/PP-0.1(100) was stable. After 
over 520 min of the DCMD run, the control membrane had a flux drop of 
around 15 % whereas GOSP/PP-0.1(100) retained its flux performance. 
Both PP and GOSP/PP-0.1(100) showed no obvious sign of membrane 
wetting throughout the test, indicating that mineral oil only acted as 
foulant but not wetting agent. The permeate EC was stable throughout 
the DCMD tests, in the range of 0.18–0.3 μS/cm for which the GOSP/PP- 
0.1(100) exhibited relatively lower EC, indicating better membrane 
selectivity. 

To evaluate the long-term stability of the GOSP/PP-0.1(100) mem-
brane for practical application, desalination of real seawater was con-
ducted using the seawater collected from Black Rock (Melbourne, 
Australia). As shown in Fig. 14a, the permeate EC was stable around 
2.1–2.9 μS/cm when the DCMD test was ended at 75 % water recovery. 
The water vapor flux remained steady (4.6 kg/m2 h) during the opera-
tion of 75 h. Furthermore, real leachate was used as the feed to evaluate 
the wetting and fouling property since leachate contains complex 
fouling and wetting inducing organic compounds. As expected, no 
fouling or wetting phenomenon was evident for the GOSP/PP-0.1(100) 
since the membrane exhibited stable salt rejection of over 99.9 % and 
water vapor flux of 4.7 kg/m2 h until the test ended at 80 % water re-
covery. Such stable separation performance of this Janus membrane 
towards both seawater desalination and leachate concentration was 
mainly due to the anchoring of the GOSP layer that was constructed via 
the covalent linkages between the GO, PVA and SSA. As evidenced by 
the SEM, XRD, 3D laser microscope and WCA measurements, the 
anchored structure of the Janus membrane ensured membrane integrity 
against long-term immersion in the aqueous environment and hydro-
philicity of the GOSP layer could effectively mitigate the membrane 
fouling by avoiding the hydrophobic interactions between the mem-
brane and foulants. The robust performance of the GOSP/PP-0.1(100) 
membrane for leachate treatment could also be reflected in the photos 
as shown in Fig. 15. After the DCMD process, the brown leachate feed 
solution with an initial American Dye Manufacturers Institute (ADMI) 
colour unit of 2672 was concentrated by ~9 times to 22,932 colour 
units. While the permeate remained clear (<10 colour unit). Further-
more, permeate ion concentration and organic matter concentration was 
provided by ICP-OES and chemical oxygen demand (COD) measure-
ments (Table S2 in the SI). It can be seen that almost all impurities were 
enriched in the post-run feed solution and high quality permeate was 
produced with <1 mg/L of ions and 10 mg/L of organics. After the long- 
term test, membrane cleaning was undertaken using tap water as the 
cleaning agent. By simply tap water washing, the GOSP/PP-0.1(100) 
exhibited 100 % of the initial water flux as well as salt rejection when 

Fig. 13. Normalized water flux and permeate EC of control and GOSP/PP-0.1 
(100) measured in DCMD using 3.5 % NaCl and sequential addition of min-
eral oil at 60 ◦C as feed solution and DI water at 10 ◦C as permeate solution. 
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reprocessing the leachate. The leachate DCMD test following the mem-
brane cleaning was conducted for 5 h and repeated for 3 times. The 
membrane cleaning effectiveness was listed in Table S3 in the SI. It can 
be seen that after 3 repeats, 100 % of the initial separation performance 
could be obtained, proving the outstanding stability of the fabricated 
Janus membrane. 

As shown in Table 3, the antiwetting and antifouling performances of 
the reported Janus membranes prepared with various materials were 

compared. It can be seen that the GOSP/PP-0.1(100) membrane 
exhibited better stability than most of the flat sheet membranes while 
the other HF membranes composed of polydopamine, polyethylene 
glycol, sodium periodate, PVDF, etc., were capable of processing syn-
thetic oil-in-water emulsion for over 96 h. However, the GOSP/PP-0.1 
(100) was subjected to leachate without pretreatment and exhibited 
no decline in the separation performance after tap water cleaning. These 
results demonstrate the potential applicability of using GOSP based 

Fig. 14. Water vapor flux and permeate EC of GOSP/PP-0.1(100) measured in DCMD using real seawater (a) and industrial leachate (b), respectively, at 60 ◦C as feed 
solution and DI water at 10 ◦C as permeate solution. 

Fig. 15. Pictures of the leachate as received (left); feed concentrate after MD treatment (middle); and permeate (right).  

Table 3 
Comparison of the reported hydrophilic/hydrophobic membranes in antiwetting and antifouling performances during MD operation.  

Membrane 
type 

Membrane materials Configuration Feed/permeate 
temperature (◦C) 

Feed composition Performance without fouling 
or wetting (h) 

Ref 

Flat sheet GO/PVDF DCMD 65/20 50 mg/L sodium dodecyl benzene 
sulfonate solution  

5 [47] 

Flat sheet Polyurethane/PTFE DCMD 50/10 40 mg/L SDS solution  90 [16] 
Flat sheet Polydopamine/PTFE vacuum MD 60/− 500 mg/L mineral oil  40 [48] 
Flat sheet Agarose/PTFE DCMD 60/20 10 mg/L Tween® 20 and 500 mg/L 

SDS  
24 [49] 

Flat sheet Polydopamine/SiNP/PVDF DCMD 60/20 1000 mg/L oil-in-water emulsion  12 [50] 
Flat sheet Glutaraldehyde/PVA/PTFE DCMD 53/20 1000 mg/L oil-in-water emulsion  30 [51] 
Flat sheet Polyethylene glycol/TiO2/ 

PVDF 
DCMD 60/20 0.01 wt% oil-in-water emulsion  24 [52] 

HF Polydopamine/ Polyethylene 
glycol/PVDF 

DCMD 60/20 500 mg/L oil-in-water emulsion  168 [53] 

HF Polydopamine/sodium 
periodate/PVDF 

DCMD 60/20 500 mg/L oil-in-water emulsion  140 [54] 

HF Polydopamine/sodium 
periodate/Ag/PVDF 

DCMD 60/20 500 mg/L oil-in-water emulsion  96 [21] 

HF GOSP/PP-0.1(100) DCMD 50/20 Leachate  80 This 
work  
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Janus membrane in MD process for leachate concentration and high 
water recovery, which are highly desirable for practical wastewater 
treatment with a focus on zero liquid discharge. 

4. Conclusion 

In summary, Janus hollow fibre membrane with an internally 
covalent-linked hydrophilic GOSP layer on top of a microporous hy-
drophobic PP support layer was formed through an ethanol-assisted 
vacuum filtration process for DCMD applications. The GOSP hydro-
philic layer featured partial intrusion into the pore channels of the PP, 
leading to a tightly anchored Janus structure with hydrophilic surface 
and thus a Janus pore structure. The interlayer spacing of the GOSP 
membrane was enlarged due to the intercalation of PVA while the 
swelling of the GO laminates was effectively restrained via the linkage 
between GO, PVA and SSA. However, at the higher PVA/GO ratio as in 
GOSP/PP-10, the structure of the GOSP was altered from 2D laminar 
membrane to mixed matrix membrane accompanied with abundant 
intrusion into the PP pore channels. This resulted in reduction of the LEP 
while the attachment of the GO based GOSP layer (GOSP-0.1 and GOSP- 
1) increased the LEP of the GOSP/PP membrane. With rational manip-
ulation of the hydrophilic layer, the GOSP/PP-0.1 membrane exhibited 
stable water flux, high salt rejection and enhanced anti-wetting property 
towards surfactant SDS containing feed solution. The stability of the 
GOSP/PP-0.1 membrane was further examined for real seawater desa-
lination and leachate treatment. Stable water vapor fluxes and high salt 
rejections were maintained throughout the DCMD process. Even at high 
water recovery (~80 %) and 5 times leachate concentration, the GOSP/ 
PP-0.1 membrane still exhibited superior robustness and wetting resis-
tance, demonstrating the great potential for practical application of MD 
for wastewater treatment towards zero liquid discharge. 
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