Journal of Membrane Science 711 (2024) 123162

Contents lists available at ScienceDirect

Journal of
Membrane
Science

Journal of Membrane Science

FI. SEVIER

journal homepage: www.elsevier.com/locate/memsci

Check for

Spray coating of 2D materials in the production of antifouling membranes &
for membrane distillation

Clara Skuse ®, Monica Alberto”, José Miguel Luque-Alled ™, Vicente Orts Mercadillo ¢, '
Edidiong Asuquo?, Alejandro Gallego-Schmid ¢, Adisa Azapagic®, Patricia Gorgojo ™"

& Department of Chemical Engineering, The University of Manchester, Manchester, M13 9PL, United Kingdom

Y Instituto de Nanociencia y Materiales de Aragén (INMA), CSIC-Universidad de Zaragoza, Zaragoza, 50018, Spain

¢ Departamento de Ingenieria Quimica y Tecnologias del Medio Ambiente, Universidad de Zaragoza, Zaragoza, 50018, Spain

4 National Graphene Institute, School of Engineering, The University of Manchester, Manchester, M13 9PL, United Kingdom

€ Tyndall Centre for Climate Change Research, Department of Civil Engineering and Management, The University of Manchester, Manchester, M13 9PL, United Kingdom

ARTICLE INFO ABSTRACT

Keywords:

Membrane distillation
Spray coating

Water treatment
Graphene oxide
Membrane scale-up

Membrane surface coatings with 2D materials have been shown to exhibit antifouling properties for water-
treatment applications; however, synthesis methods currently based on vacuum filtration are not easily scal-
able. This study describes a scalable method for coating membranes with a range of 2D materials including
graphene oxide (GO), hexagonal boron nitride (hBN), molybdenum disulphide (MoS;) and tungsten disulphide
(WS5). Isopropyl alcohol solutions containing each class of the 2D flakes were spray-coated onto commercial
polyvinylidene fluoride (PVDF) using a pyrolyser. The nanomaterials were secured with polydopamine (PDA) as
a crosslinker in a method that could easily be integrated into a scalable roll-to-roll process. Changes in
morphology, surface roughness, hydrophobicity, mechanical durability and chemical composition were evalu-
ated using scanning electron microscopy, atomic force microscopy, contact angle, tensile strength measurements
and Fourier-transform infrared spectroscopy. The 2D nanomaterials-coated membranes were tested in membrane
distillation (MD) experiments over 72 h and compared to pristine PVDF and PDA/PVDF membranes. Salt
rejection and MD performance stability were evaluated using feedwaters with high concentrations of humic acid
(150 ppm) and paraffin oil (200 ppm) simulating simple organic wastewater from oil and gas extraction. The flux
decline ratio was measured in terms of percentage permeate loss per hour (%/h), to allow for future comparisons
with studies with different experimental times. The pristine PVDF membrane failed after 10 h by pore-wetting
due to fouling while the PDA/PVDF membrane had the largest flux decline ratio (0.3 %/h). The membranes
coated with GO and hBN had flux decline ratios orders of magnitude lower (0.0021 + 0.005 and 0.028 + 0.01
%/h, respectively). All membranes had a high salt rejection (>99.9 %). The GO-coated membrane was the only
membrane type that was able to treat both surfactant-containing and foulant-containing feedwaters. The
improved performance is attributed to the decrease in both surface roughness and hydrophobicity, which reduces
the adsorption of foulants onto the membrane surface. This work shows a facile, scalable method to overcome
fouling limitations in MD.

1. Introduction

As access to freshwater sources is becoming more difficult in many
regions, it is increasingly important to improve the way we manage and
produce potable water. One way to achieve this is to increase the pro-
duction of water from unconventional sources, such as wastewater.
Membrane-based technologies are well established and widely used for
water treatment due to their high selectivity, lower energy consumption,

compactness and scalability when compared with chemical- and
distillation-based technologies [1]. Wastewaters are typically difficult to
treat as they contain high amounts of organic compounds and surfac-
tants, the latter of which causes pore wetting in membrane distillation
(MD) [2]. Organic compounds are a particular problem as they deposit
onto the membrane surface, subsequently blocking the pores and
causing a decline in the permeate flux. This phenomenon is called
fouling and it is considered one of the largest issues for membrane-based
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water treatment technologies.

MD is being explored as an alternative and complementary method
for water treatment due to some advantages over conventional
membrane-based methods, such as reverse osmosis (RO). For example,
in MD the energy consumption does not depend on the feed concen-
tration; thus, it can treat highly saline, foulant-containing solutions. In
particular, MD is being investigated for the purification of wastewater
that RO cannot currently treat [3,4]. While MD has a lower fouling
propensity when compared to RO, there is still a limit as to what
membranes can feasibly separate [5]. For example, solutions containing
160 ppm of organic foulants or 100 ppm of oils can cause a significant
(>30 %) reduction in the permeate flux, as well as wetting of the
membrane [3,6]. Even solutions with concentrations as low as 10 ppm of
humic acid and 10 ppm of paraffin oil have exhibited flux decline and
pore wetting in MD [7].

The key to unlocking wastewater as a source of potable water is the
development of antifouling, antiwetting, long-lasting membranes with
high selectivity and permeability. One of the major advantages of MD
over conventional RO is that it can achieve high rejections of solutes [8,
9]. However, a recent study has suggested that trace amounts of
non-volatile humic acid can penetrate through MD membranes due to
hydrophobic attractions between the organic compound and the mem-
brane [10]. Thus, it is important to further investigate whether this
phenomenon can be controlled. In our work we have explored the use of
a range of 2D materials for improved pore wetting and anti-fouling
resistance.

2D materials, such as graphene [11], graphene oxide (GO) [12],
molybdenum disulphide (MoS3) [13], tungsten disulphide (WSj) and
hexagonal boron nitride (hBN), are being explored to overcome issues
within the field of membrane separation. Studies on the effects of 2D
materials on membrane fouling within MD are extremely limited, thus
pressure-driven processes are discussed in the sections below. Graphene
is a 2D material composed of sp>-hybridised carbon atoms arranged in a
hexagonal lattice. Its discovery was well received due to the extensive
list of desirable properties, such as high mechanical strength [14,15],
electrical conductivity [16], thermal conductivity [17] and functional-
isation capabilities [18]. Graphene oxide (GO) is a derivative of gra-
phene which can be dispersed easily in water and most organic solvents
[19,20]. Alternatively, GO flakes can be stacked together to form a
laminate membrane with excellent molecular sieving capabilities [21].
The spacing between each GO flake (i.e. the d-spacing) is 0.83 nm,
which is large enough for water to pass through and small enough to
stop hydrated solutes [22]. Studies show that under these confinement
conditions, water molecules traverse through the membrane with un-
impeded motion [20,21]. The nano-pores provide a high capillary force,
which is the main driving force that draws water inside the GO mem-
brane. The high capillary force and unimpeded motion give rise to high
flux membranes, which are ideal for water treatment applications [23,
24].

MoS; and WS, are also 2D materials which belong to the transition-
metal dichalcogenide (TMD) group of type MX,, whereby M is a tran-
sition metal and X is a chalcogen atom [25] and are considered in this
work. To the best of our knowledge, this is the first study so far inves-
tigating the use of MoS; membranes for MD. Other authors have
considered MoS; but for different applications. For example, Koh & Taek
[13] fabricated a MoSy-PVDF composite membrane for the removal of
ethylene glycol. The addition of MoSy produced a more omniphobic
membrane that had a water flux of 27 L/m? h, but this decreased to 21
L/m? h after 8 h. The addition of MoS, as a coating is relatively unex-
plored, even throughout commercialised water treatment technologies
[26]. There are molecular dynamic studies on laminate MoS, which
claim rapid water transport properties and high salt rejection, but lack
experimental studies [27]. Overall the results from these preliminary
experiments and molecular dynamic simulations suggest that TMDs, like
MoS; and WSy, could have significant antifouling, high permeability and
anti-wetting properties.
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Similarly, molecular dynamic studies indicate that laminate hBN
membranes can have high permeability and ion rejection [28]; the polar
B-N bonds in hBN have a high affinity with water, which can selectively
transport water through the hBN nanochannels. Also, hBN coatings can
increase membrane hydrophobicity and lead to long-term MD stability
[29]. Several studies have shown that using hBN as a polymer additive
can also increase permeability [30,31], and pore wetting resistance
[32].

For water treatment, these materials have been extensively explored
as nanofillers to form composite mixed matrix membranes (MMMs) [33,
34]. While GO certainly has the largest share of research, molecular
dynamic simulations suggest that MoS,, hBN and WS could have even
greater molecular sieving capabilities than GO [35,36]. There are fewer
studies on the antifouling properties of these materials [37-42] and even
fewer on their application in MD [43,44].

In contrast to MMMs, there are not as many studies using these
materials for laminate membranes and surface coatings; this is partially
due to poor flake adhesion and swelling, which limit commercial
viability [45]. Studies have investigated cross-linkers to help immobilise
the 2D laminate layer. Some of these cross-linkers include metal ions,
such as TiOg [46], polydopamine (PDA) [47,48], and polyphenols, such
as tannic acid [49]. In our previous study [50], we demonstrated the use
of bio-sourced polydopamine (PDA) as an immobiliser to fix the GO
flakes to the surface of the hydrophobic polyvinylidene fluoride (PVDF),
without affecting the flux.

Laminate membranes have been explored for ultra-fast water
permeation, including for GO [51], MoS; [13,35], hBN [52] and WS,
[36,53]. However, the operating conditions differ greatly from study to
study, making comparisons between the performance of the different
materials nearly impossible. Further, vacuum filtration is used exten-
sively throughout 2D membrane research to deposit flakes into an or-
dered laminate membrane, but scalability is a major issue as it cannot be
easily integrated into a roll-to-roll process. Other coating methods, such
as dip-coating and drop-casting, are scalable, but controlling the lami-
nate thickness and flake orientation is challenging [54]. Electrospraying
has shown to deposit GO flakes on nanofiltration membranes, as
described in a study by Chen et al. [55]. The resulting membrane had a
high rejection of organic dyes (98.88-100 %), but a poor rejection of
salts (27.9 % NaCl rejection and 41.8 % MgSO4 for a 0.02 M feed so-
lution). In comparison, typical commercial nanofiltration membranes
have a NaCl and MgSO4 rejection of 20-80 % and 90-98 %, respectively.
A reason for the low rejection using this fabrication method could be
improper immobilisation of the GO flakes, leading to swelling. The
electrospraying process also requires careful selection of a carrier sol-
vent to form the spray cone; for the deposition of nanomaterials, sol-
vents such as N-methyl-2-pyrrolidone (NMP) and dimethyl sulfoxide
(DMSO) are commonly used [56]. Thin-film deposition via electro-
spraying is usually paired with pyrolysis to speed up the rate of solvent
evaporation [57]. Spray pyrolysis has been described as a facile, effec-
tive and suitable method for industrial scale-up fabrication of nano-
structured materials for energy storage devices [58-60]. However, as far
as the authors are aware, this technology has not been solely applied for
the production of 2D-enhanced membranes, or for water treatment.

To address some of the above issues, this study advances upon pre-
vious work by describing an inherently highly scalable production
method appropriate for industrial commercialisation — a 1 step-spray-
coating technique — for the deposition of 2D flakes onto membranes.
Four 2D materials were considered for these purposes: GO, MoS,, hBN,
and WS,. The membranes enhanced with these materials (“2D-enhanced
membranes”) were evaluated in terms of permeate flux, rejection and
fouling performance for feed solutions containing mineral oil (paraffin
oil was used in these experiments) and humic acid. These materials were
selected in order to evaluate both oil and organic fouling in MD [61] and
they simulate simple oily wastewater [62].
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2. Methods
2.1. Materials

Graphene oxide (GO) was purchased from William Blythe Ltd (UK).
Dopamine hydrochloride (DA, 99 %), tris(hydroxymethyl)amino-
methane (Tris-HCl, pH = 8.5, 0.5 M) and isopropy! alcohol (IPA, >99.7
%) were purchased from WWR International (UK). Commercial PVDF
membranes were purchased with a nominal pore size of 0.22 pm and
average thickness of 125 ym (GVHP09050). Ethanol (>99.0 %) and
sodium chloride (NaCl, >99.0 %) were purchased from Merck Life Sci-
ence UK Ltd (UK). Paraffin oil was purchased from VWR chemical and
humic acid was purchased from Merck Life Science Ltd. Hexagonal
boron nitride (Hexotene) was purchased from Versarien. MoS; and WS,
powder was purchased from Sigma Aldrich (<2 pm, 98 % and <2 pm, 99
%, respectively).

2.2. Fabrication of transition metal dichalcogenides

MoS; powder was exfoliated using 1g of commercial MoS; powder in
a 500 ml IPA/H50 solution (50:50) at a concentration of 2 mg/ml under
the assistance of ultrasonication for 24 h at a frequency of 37 Hz and 40
% power with an Elmasonic P sonicator. A Julabo-F250 chiller was used
to maintain the temperature at 15 °C. The resulting product was then
centrifuged twice using an Eppendorf 5804R refrigerated centrifuge at
6500 rpm at 20 °C for 30 min to remove the non-exfoliated MoS,. The
exfoliated MoS, dispersion was extracted from the supernatant with a
narrow distribution of flake dimensions and thicknesses, as reported
elsewhere [35]. WSy powder was also exfoliated using the protocol
described above.

2.3. Membrane preparation

The 2D materials were encased on both sides by a PDA coating to
reduce delamination and leaching into the aqueous feed solutions. More
details on the PDA synthesis can be found in our previous work [50].
After the deposition of the first PDA layer, the membranes were
spray-coated with an IPA solution containing the 2D material using a
Spray Pyrolyser HO-TH-04 as shown in Fig. 1. The 2D materials were
dispersed into IPA and sonicated for 30 min immediately before spray
coating. The IPA/2D solution added to the pyrolysis machine had a
concentration of 0.04 mg/mL, the hot plate was set to 120 °C and the
coating was applied at 8000 pl/min for 120 s over an area of 10 cm x 10
cm. Lastly, the final coating of PDA was applied using the same pro-
cedure outlined in our previous work [50]. The spray pyrolysis stage
could be a continuous flow procedure by the addition of a roll-to-roll
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system (as outlined by the equipment manufacturers), which shows
the potential for mass production.

The four types of membrane are denoted GO-PDA/PVDF, hBN-PDA/
PVDF, MoS3-PDA/PVDF and WS,-PDA/PVDEF. The pristine commercial
membrane is denoted PVDF and the control membrane is PDA/PVDF
which had two coats of PDA and was heated for the same time period.

2.4. Membrane distillation set-up

Firstly, the membranes were cut into circles with an area of 9.1 cm?
and installed into an air-gap MD (AGMD) system as shown in Fig. 2.
Three membranes were tested of each type (GO, hBN, MoS; and WS5) to
assess reproducibility, and fouling and pore-wetting experiments were
conducted for each membrane type. From the beginning of the experi-
ment, the feed solution contained 150 ppm humic acid and 200 ppm
paraffin oil, which is the upper range considered in literature for MD
organic and mineral oil fouling [3,6,7,63]. The humic acid and paraffin
oil were sonicated for 5 min and the solution was added to 1L of 35.5 g/L
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NaCl aqueous solution. The feed solution was stirred continuously for
the duration of the experiments and no phase separation was observed
during testing. The feed solution was heated to 75 °C and was recircu-
lated through the feed side of the membrane cell with a flow rate of 60
L/h for the entire experiment. The condenser plate was kept cool using
cooling water that was circulated from the chiller unit set at 20 °C. For
all experiments, the membrane was operated for 1 h before collecting
data, to ensure the system was at steady state. The mass of permeate was
recorded every 30 min and the permeate flux was calculated using
Equation (1):

_Amy,

T AAt (Eq- 1)

where J is the flux (kg/m2 h), Am, is the change in the permeate mass
(kg) over time period At (h), and A is the effective membrane area (m?).
The collected permeate was regularly added back into the feed solution
to ensure continuous operation.

The salt rejection (SR) indicates if pore wetting has occurred, and it is
calculated using Equation (2):

C
SR= <1 7?;)) x 100 % (Eq. 2)

f

where SR is given in %, and C, and Cy are the conductivity of the
permeate and feed, respectively (uS/cm). The conductivity was recorded
every 10 min using a Go Direct™ conductivity probe.

The flux decline ratio (FDR) shows the level of fouling and it was
calculated according to Equation (3):

FDR = (J—P" 7J""f) x 100 / t
Jp.i

where J;, is the permeate flux (L/m? h) at the initial (i) and final ()
experimental time t (h). The flux values were plotted and the best-fit
equation used to calculate the FDR. The initial flux was taken as the y-
intercept of the trendline and the final flux was calculated using the
linear equation. In this study, the FDR was expressed in %/h to enable
comparisons with studies that have different experiment times.

(Eq. 3)

2.5. 2D-material and membrane characterisation

Scanning electron microscopy (SEM) was used to determine the
lateral size distribution of the 2D materials. Specimens were prepared by
immersing pieces of a silicon dioxide wafer (thickness 290 nm) into the
different IPA-based dispersions and left to dry at 50 °C. The samples
were then imaged using a Quanta 250 FEG-SEM (FEI, USA) with a
voltage of 5 kV. Additionally, the thickness and surface morphology of
the 2D nanosheets was assessed using atomic force microscopy (AFM)
[64]. Samples were prepared by drop-casting 50 pl of a 100 ppm
dispersion of 2D material (GO, hBN, MoS; and WS5) onto mica sub-
strates for 2 min. After this, excess solution was wicked from the surface
and the mica substrate was then rinsed ten times with 100 pl of
double-distilled water. The excess solution was removed and the sam-
ples were left to dry overnight. Samples were imaged in the air under
ScanAsystTM mode with a Bruker Multimode 8 system, a Nanoscope V
controller and a "J" scanner (Bruker Ltd., UK). For the flake analysis,
ScanAsyst-Air probes were used with a nominal spring constant (k) of
0.4 N/m (Bruker AXS S.A.S, France) and the system was controlled via
the Bruker Nanoscope software v8.15. At least ten images were taken per
2D material and all were first-order flattened prior to analysis using the
Nanoscope Analysis software v1.40.

SEM and AFM were also used to characterise the morphology of the
synthesised membranes. The AFM images were taken in the same way as
for the flakes, except that the tapping probe NuNano Scout 350 (nominal
frequency 350 kHz, spring constant 42 N/M, tip radius 10 nm) was used
under the ScanAsystTM mode and all images were second-order
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flattened. The root-mean-square roughness was calculated using the
Nanoscope Analysis software v1.40 from images of size 5 pm? and 500
nm? for the surface and localised roughness, respectively [65]. The
average roughness was calculated by considering at least five images
from different locations on the membrane.

Cross-sectional SEM specimens were prepared by cutting the mem-
brane samples in liquid N, to obtain a cleaner section. Specimens were
immersed in 0.5 % aqueous RuQ4 solution for 24 h to improve the image
contrast. Further membrane coating with Pd (14 nm of thickness) was
carried out to ensure sample electrical conductivity. All SEM specimens
were imaged using an FEI-Inspect F20 microscope operating at 10-30
kW. Energy dispersive spectroscopy (EDS) was used for elemental
analysis on membrane samples (without Pd coating). The samples were
analyzed using a QUANTAX XFlash EDX Detector (Bruker, France).

X-ray photoelectron spectroscopy (XPS) measurements were carried
out on a thin film of MoSy to assess whether changes in chemical
composition occurred after heat treatment at 120 °C. The film was
prepared on a PDA-coated PVDF support by vacuum filtration of 4 mL of
a 2 mg/mL MoS; dispersion in IPA/H,0 and half of it was placed on a
hot plate and heated from room temperature to 120 °C. The samples
were dried in a vacuum oven at 60 °C for 12 h prior to analysis. A Kratos
Axis Ultra spectrometer with a monochromatic Al Ka X-ray source
(1486.6 eV) at 10 mA, 15 kV and 150 W power was used. Spectra were
analyzed using CasaXPS software.

To measure the contact angle of the membranes, a DSA100B Drop
Shape Analyser (KRUSS, Germany) was used. The angle was calculated
using the sessile drop method with a 10 pL drop size of deionised water.
The average values resulted from the water contact angles from at least
five different locations on the membrane. Membranes were glued on a
flat glass slide with double-sided tape.

Immobilisation of the 2D flakes onto the membrane surface was
evaluated by measuring detachment via a Genesys 10 S UV-Vis spec-
trophotometer (Thermo Scientific, UK), using a quartz cuvette with a 1
cm optical path at room temperature. Membranes were cut into 28 mm-
sized circles and placed in 8 ml of deionised water while agitated using
IKA-VIBRAX-VXR for two weeks at room temperature. Detachment was
calculated in terms of mg of 2D material that detaches in water per m? of
membrane. The water that had contacted the membrane was then tested
and the concentration of 2D material was measured using UV.

The Fourier transform infrared spectroscopy (FTIR) spectra was
measured for the GO-PDA/PVDF, hBN-PDA/PVDF, MoS,-PDA/PVDF
and WS,-PDA/PVDF membranes, as well as their respective 2D powders.
This was performed using a VERTEX 70V FT-IR spectrometer (Bruker,
USA) in the range 500-4000 cm ' with a scanning rate of 1 cm™L.

X-ray diffraction (XRD) was carried out in a Bruker D8 Discover
GIXRD Autochanger instrument with a Cu X-ray source with a total scan
time of 30 min per sample and a 20 range of 5-80°.

A Static Testing Instron 5564 H 1580 machine using a 10 N load was
used to investigate the mechanical properties of the membranes. The
tensile strength is the maximum load that the membrane can support
without fracture when being stretched, indicating the durability of the
membranes. The membranes were cut to widths of 5 mm and the length
of the strip was 25 mm. The speed was set to 25 mm/min and the stress-
strain curve was recorded to measure the maximum tensile strength.
Five samples were taken per membrane type to assess reproducibility.

3. Results and discussion
3.1. 2D-material characterisation

The lateral size of the 2D flakes was measured by analysing over 100
flakes from the SEM images for each material (see Figs. 3 and 4) and the
mean values were as follows: GO: 1.9 £+ 1.7 pm; hBN: 2.0 + 2.1 pm;
MoSy: 0.43 + 0.5 pm; and WSy: 1.5 + 1.2 pm. AFM was used to deter-
mine the agglomeration of the flakes by measuring the thickness. The
average thickness measured across at least 25 flakes per sample was as
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GO

Fig. 3. Scanning electron microscope images of the graphene oxide (GO),
hexagonal boron nitride (hBN), molybdenum disulphide (MoS5) and tungsten
disulphide (WS) flakes.

follows: GO: 0.9 + 0.6 nm; hBN: 3.4 & 1.1 nm; MoS,: 2.4 + 1.5 nm; and
WSs: 2.1 £ 0.9 nm. The AFM flake images can be found in Fig. S1 in the
Supplementary Information (SI).

3.2. Membrane characterisation

Fig. 5 shows AFM 3D surface images for the commercial PVDF sub-
strate before and after PDA deposition, and membranes onto which the
selected 2D materials (GO, hBN, MoS, and WS,) were deposited. The
AFM images of 5 x 5 pm sample areas suggest a homogeneous deposi-
tion of the GO flakes onto the PVDF with a smooth and continuous
coverage of the surface. This is also evident from the root-mean-square
(Rq) roughness values (Table 1); as a result of the GO deposition, the
membrane surface roughness is reduced by 45-48 % when compared to
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the PDA and PVDF membranes, having also a narrower spread of values.
A good degree of coverage is obtained also with hBN and WS, (Rq is
reduced by 54 % and 43 %, respectively, when compared to the com-
mercial PVDF) and a smaller roughness reduction for the MoS; coated
membrane (29 %).

The cross-sectional SEM images (Fig. 6) do not display a clear layer of
the 2D materials due to poor contrast between the porous PVDF sub-
strate and the 2D films that are sandwiched in between PDA. Consid-
ering no loss of material in the pyrolyser chamber during spray
deposition, and literature values of density for the 2D materials (0.981
g/cm3 (GO) < 2.1 g/cm3 (hBN) < 5.06 g/cm3 (MoS,) < 7.5 g/crn3
(WSy)), theoretical coating thicknesses are 652 nm (GO) > 305 nm
(hBN) > 126 nm (MoS5) > 85 nm (WSy). Fig. 7a is a Raman map dis-
playing the deposition of GO flakes onto the membrane surface. The
distinctive peaks in the Raman spectra in Fig. 7b seen at wavenumbers
~1300 cm ™! and ~1500 em ! correspond to the D and G peaks; these
values agree with the literature for Raman spectra for GO and suggests
that there is deposition of GO on the membrane surface [66]. The
deposition of 2D flakes onto the polymeric membrane support was also
confirmed with Raman for the hBN-PDA/PVDF, MoS»-PDA/PVDF and
WS,-PDA/PVDF; the spectra in Fig. 8 shows the Epg optical phonon
peaks at 1362, 383 and 356 cm ™! respectively, which agrees with
literature [67,68]. Further evidence for the deposition of hBN, MoS, and
WS, onto the polymer surface can be seen in the EDS results in Fig. S2.
For the hBN-PDA/PVDF membrane, the EDS analysis showed peaks for
the elements boron and nitrogen, as well as peaks for carbon and fluo-
rine that derive from the PVDF membrane. Similar trends can be seen for
the MoS,-PDA/PVDF and WS,-PDA/PVDF membranes. The conditions
during spray coating (120 °C) were below the recorded temperatures
and exposure times that cause thermal decomposition in monolayer GO
[69], hBN [70], MoS, [71] and WSy [72]. XPS results on MoS; films
before and after the heat treatment at 120 °C confirmed no changes in
their chemical structure (the C 1s, O 1s, Mo 3d, and S 2p spectra are
shown in Fig. S3).

The addition of the PDA reduced the contact angle from 118° to
101°, as the material is hydrophilic. Values can be found in Table 1. The
addition of GO, hBN and MoS; also reduced the contact angle further to
75.4°, 83.4° and 85.2°. However, the addition of WS, increased the
contact angle slightly to 108.8° due to its hydrophobicity [73].
Increasing membrane hydrophilicity has shown to enhance membrane
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Fig. 4. Flake size analysis for graphene oxide (GO), hexagonal boron nitride (hBN), molybdenum disulphide (MoS,) and tungsten disulphide (WS,).
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Fig. 5. AFM surface images of the PVDF, PDA-PVDF, GO-PDA/PVDF, hBN-PDA/PVDF, MoS,-PDA/PVDF and WS,-PDA/PVDF membranes.

Table 1

Overview of the membrane properties including the root-mean-square roughness (Rq), tensile strength, tensile strain, and contact angle measurements before and after

the fouling experiments.

Membrane ID* Roughness (Ry), nm

Tensile strength, MPa

Tensile strain, % Contact angle, °

Before After
PVDF 322 + 105 7.0 £ 0.2 51.1 118 £ 4 105 + 2
PDA/PVDF 301 + 139 5.0 £0.2 50.1 101 + 2 46 + 7
GO-PDA/PVDF 167 + 68 5.0 £ 0.5 41.3 75+ 1 31+6
hBN-PDA/PVDF 149 + 54 7.0 £ 0.5 68.8 83+1 24 +11
MoS,-PDA/PVDF 230 £ 75 7.0 £ 0.4 58.4 85+6 54 +£13
WS,-PDA/PVDF 182 + 23 8.0 £ 0.6 61.8 109 + 4 51+6

@ Polyvinylidene fluoride (PVDF), polydopamine (PDA), graphene oxide (GO), hexagonal boron nitride (hBN), molybdenum disulphide (MoS,) and tungsten

disulphide (WSy).

antifouling properties but reduce the liquid entry pressure [74]. While
increasing the membrane hydrophobicity may improve antiwetting
properties, interactions between hydrophobic foulants and the hydro-
phobic membrane can increase the fouling propensity [75]. Thus, the
hydrophobicity/hydrophilicity of the membrane is not sufficient to
determine whether the membrane exhibits the desired properties for an
antiwetting/antifouling membrane. Surface roughness is a superior in-
dicator of antiwetting and antifouling behaviour [76].

Immobilisation of the 2D materials was determined by UV-Vis
spectroscopy and the calibration curves can be found in Fig. S4. The
absorption peaks were 231 nm for GO, 203 nm for hBN, 399 nm for
MoS; and 639 nm for WSy, in agreement with values reported in the
literature [77-80]. The cause of the absorption peak for GO is attributed
to the n-n* plasmon peak caused by the conjugative effect of chromo-
phore aggregation. The amount of 2D material in the water after two
weeks was 3.69 mg/m?, 19.8 mg/m?, 9.14 mg/m? and 21.4 mg/m? for
GO, hBN, MoS; and WSy, respectively. In terms of material percentage
loss, this equates to 5.7 % for GO, 30.9 % for hBN, 14.3 % for MoS, and
33.4 % for WS, if we consider an initial coverage of 64 mg of 2D flakes
per m? of the spray coated membranes (assuming no loss of 2D materials
in the pyrolyser chamber). Figures of detachment for the GO-coated
membranes do not suggest concerns, however pre-treatment of the

membranes where the 2D materials could be recovered is suggested to
minimise leakage into the aqueous feed solutions during operation.

The FTIR and XRD spectra for each of the 2D powders and their
respective membranes can be seen in Figure S5 and Figure S6, respec-
tively. The membrane FTIR spectra shows strong peaks at 873 cm ™! and
1072 cm™?!, which correspond to the in-phase symmetric stretching of
CF5 and the symmetric phase II stretching of the C-C bonds in the PVDF,
respectively. The FTIR spectra for PVDF and PDA is identical, suggesting
that the PVDF masks the signal from the PDA, and this is seen by the
absence of some individual peaks from the 2D materials. However, for
the MoS; and WS, membranes there is a an additional peak at 1217
em ™! and a splitting of the 1179 cm ™! peak due to the presence of S-S
and S=O bonds, respectively [81]. The S=O bonds are present due to
partial oxidation during MoS; and WSs synthesis. The XRD graphs show
similar behaviour and the distinct peaks from the 2D materials are not
visible in the membrane spectra. This could be due to the PVDF mem-
brane sample being too thick during analysis, as the concentration of
nanomaterials on the surface is significantly lower than the PVDF.

The mechanical properties of the membranes are shown in Table 1. It
can be observed that the addition of PDA reduced the tensile strength by
28 % when compared to the pristine PVDF, decreasing from 7 to 5 MPa.
This could be due attributed either to the PDA layer or the heat
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Fig. 6. Cross-sectional scanning electron microscopy images of the PVDF, PDA-PVDF, GO-PDA/PVDF, hBN-PDA/PVDF, MoS,-PDA/PVDF and WS,-PDA/
PVDF membranes.
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Fig. 7. (a) mapping of the graphene oxide (GO) thin film distribution (red/white) over the PDA/PVDF membrane (black) and (b) Raman spectra of the GO

membrane. I and I correspond to the intensity of the D and G peaks, respectively. (For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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Fig. 8. (a) Raman spectra of hBN, MoS, and WS, membrane. Ex; and A;¢ peaks refer to the in-plane vibration and out-of-plane mode respectively.

treatment at 120 °C during deposition. Furthermore, membranes pre- than the PDA/PVDF film. However, the deposition of GO reduced the
pared with 2D hBN and MoS; increased the maximum tensile stress up to tensile strain from 50.1 % to 41.3 % and did not have an effect on the
the original value for untreated commercial PVDF substrates (7 MPa) tensile strength, that was also 5 MPa. Nevertheless, the mechanical
and a bit further for WS, (8 MPa). All three deformed to a greater extent properties of all the membranes in this work are comparable to those
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reported in the literature for PVDF flat sheet membranes [82], and aging
by mechanical stress in MD is a minor contributor in comparison to
irrecoverable fouling, which is the leading reason for membrane
replacement [5,6]. Thus, as the membrane is not exposed to high pres-
sures, the slight reduction in tensile strength for the GO-PDA/PVDF
membrane is not expected to be an issue.

3.3. Membrane fouling performance

The flux decline due to fouling was observed for each of the mem-
branes as shown in Fig. 9. Raw conductivity data can be found in Fig. S7
in the SI. As mentioned earlier, these experiments started with the
foulants already present in the feed solution. Each experiment was
repeated twice more to obtain the standard deviation, which was used to
form the error bars in Fig. 10.

The initial flux can be seen in Fig. 9 and is listed as follows: PVDF, 9.5
+ 0.16 L/m? h; PDA/PVDF, 11.5 + 1.4 L/m? h; GO-PDA/PVDF, 10.2 +
0.52 L/m? h, hBN-PDA/PVDF, 10.6 + 0.44 L/m? h; MoS,-PDA/PVDF,
10.9 + 0.81 L/m? h and WS,-PDA/PVDF 10.9 + 0.66 L/m? h respec-
tively. Critically, the addition of GO and hBN onto the membrane
increased the resistance to fouling, since a stable permeate flux is
observed for both membranes. However, membranes coated with MoS,
and WS, did show a small decrease in flux over the MD experiments,
similarly to that for the PDA-coated PVDF substrate. This is due to
stronger interactions between the hydrophobic foulants and the surface
of the membranes, resulting from higher surface roughness and contact
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angle values for the PVDF substrate and the MoS; and WS, membranes
(Table 1).

It can be seen in Fig. 9 that the as-received PVDF membrane failed
after just over 10 h, as the salt rejection fell below 98 %. This is due to
the adsorption of foulants onto the membrane surface, which eventually
reduced the surface tension to the point where pore wetting occurred.
The increase in flux coincided with the reduction in the salt rejection and
indicated the passage of feedwater. The salt rejection for the GO-PDA/
PVDF, hBN-PDA/PVDF and WS,-PDA/PVDF membranes was stable
(>99.9 %) for the entire duration of the experiment (72 h). However, for
the MoS,-PDA/PVDF membranes, the salt rejection began to fail to-
wards the end of the experiment. The stable high salt rejection for the
GO-PDA/PVDF, hBN-PDA/PVDF and WS,-PDA/PVDF 2D membranes
and the PDA-coated PVDF substrate indicate good degree of coverage of
the larger PVDF membrane pores that are responsible for pore wetting.

Fig. 10 shows the FDR values for the evaluated membranes; the
pristine PVDF control membrane is not displayed as it failed before the
end of the 72-h experiment. The PDA/PVDF control membrane showed
resistance to pore wetting, which is demonstrated by the stable salt
rejection (Fig. 9). Although the PVA/PVDF layer is resistant to fouling in
the first 38 h of the experiment, there is a decline in flux for the
remaining 34 h. Also, the FDR was the highest out of all of the experi-
ments (0.30 %/h), which suggests that the PDA does not prevent the
attachment of foulants onto the membrane surface. In industry, the
membranes would be expected to retain high flux for a period of months
rather than days; thus it is important that the membranes exhibit stable
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Fig. 9. Fouling performance of the following membranes over the experimental time of 72 h: commercial PVDF (experimental time of 20 h due to membrane failure);
PDA-PDA control; GO-PD/PVDF; hBN-PDA/PVDF; MoS,-PDA/PVDF and WS,-PDA/PVDF. Feed solution: 35 g/L NaCl, 150 ppm humic acid and 200 ppm paraffin oil.
Acronyms: polyvinylidene fluoride (PVDF), polydopamine (PDA), graphene oxide (GO), hexagonal boron nitride (hBN), molybdenum disulphide (MoS,) and

tungsten disulphide (WS,).
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Fig. 10. Average salt rejection (%, represented as dots in red) and flux decline ratio (%/h, represented as bars in blue) for the membranes with a feed solution of 35
g/L NaCl, 150 ppm humic acid and 200 ppm of paraffin oil over the 72-h experiment. The temperature of the feed and cooling water was 75 °C and 20 °C,
respectively. The error bars consider the standard deviation of the results; at least three membranes were tested per membrane type. Acronyms: polyvinylidene
fluoride (PVDF), polydopamine (PDA), graphene oxide (GO), hexagonal boron nitride (hBN), molybdenum disulphide (MoS,) and tungsten disulphide (WS,). (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

fouling resistance for the duration of the experiment. The other tested
PDA/PVDF membranes can be found in Fig. S8. The best results were
achieved with the GO-PDA/PVDF membrane, which had the highest
rejection (99.98 + 0.01 %) and lowest FDR (0.0021 + 0.005 %/h). Over
the 72 h experiment the flux for the PDA/PVDF membrane dropped by
22 %, whereas the GO-PDA/PVDF membrane had a negligible flux
reduction of 0.14 % in the same time period; this shows a significant
resistance to fouling. The final permeate fluxes for the PDA/PVDF and
GO-PDA/PVDF membranes were 8.8 L/m* h and 9.5 L/m? h,
respectively.

3.4. Membrane pore-wetting performance

All of the 2D-functionalised membranes were then tested for feed
solutions containing 150 ppm Triton X-100. Pore wetting can be induced
by the presence of low surface tension liquids that are miscible with
water, such as alcohols and amphiphilic molecules (e.g. surfactants)
[50]. Fig. 11a (left-hand side) shows that the pristine commercial
membrane without the coating begins to fail 40 min after the addition of
the surfactant, which is shown by the sharp decrease in salt rejection.
The graphs with the raw conductivity data can be found in Fig. S9. A
similar trend can be seen in Fig. S10 for the PDA/PVDF membrane,
which began to fail after 45 min. As the membrane becomes fully
wetted, the feedwater begins to fully penetrate the membrane pores and
consequently the flux increases. The GO-PDA/PVDF membrane in
Fig. 11b (right-hand side) shows that the addition of the surfactant
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initially reduces the salt rejection by a minor amount (<0.1 %), before
the system recovers and the rejection is stable over the course of the
experiment. The flux reduces across the length of the experiment, which
suggests the adsorption of the surfactant onto the membrane surface. As
the PVDF membranes failed after a shorter period (in comparison to the
fouling experiments), the total experimental time was reduced from 72 h
to 40 h. Also, the GO-PDA/PVDF membrane was the only membrane
type that showed pore-wetting resistance for the entire experimental
time (see Figs. S11-S13 in the SI). This could be due to more uniform and
thicker layers of GO deposited as compared to the other considered 2D
materials, which led to lower surface roughness and lower contact angle
(Table 1).

3.5. Comparison with literature

Table 2 compares the MD water treatment performance of the
membranes produced in this work with those reported in the literature
for GO. No MD fouling studies could be found for MoS; and hBN, and no
MD studies for WS, membranes could be found at all. However, a pre-
liminary comparison was attempted by evaluating the permeate flux and
salt rejection in the available studies. Mao et al. [83] developed GO-SiO4
coated polyacrylonitrile membranes for the separation of 3.5 wt% NaCl
solutions with 0.4 mM sodium dodecyl sulfate (SDS). The fouling results
showed a decrease in the flux from approximately 14 to 8 L/m? h over
72 h, which gives a FDR ratio of 0.8 %/h, 12 times greater than the FDR
of the GO membranes in this study.
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Fig. 11. Pore-wetting performance of the commercial PVDF (left; experimental time 100 min as membrane failed) and GO-PDA/PVDF membranes (right; experi-

mental time over 40 h). Feed solution: 35 g/L NaCl and 150 ppm Triton X-100.
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Table 2
A summary of the investigations using 2D materials (GO, hBN, MoS, and WS,) within membrane distillation.
Membrane 2D material Membrane type and Operating conditions Performance Role of 2D material Ref.
support synthesis
PVDF GO Laminate membrane Configuration: AGMD GO membrane increased pore The laminate GO membrane has [50]
Feed solution: 35 g/L wetting resistance to over 90 h small pores which increase the LEP
NaCl compared with 20 min for and lead to pore-wetting resistance
Feed temp: 75 °C pristine commercial PVDF
Coolant temp: 20 °C
Feed flow rate: 1290
mL/min
Experimental time: 90
h
PVDF GO functionalised MMM Configuration: AGMD 52-86 % increase in flux GO increases the speed of demixing ~ [12]
with APTS Phase inversion Feed solution: 35 g/L compared to the synthesised during phase inversion. This
NaCl PVDF membrane. No fouling tests  increases the porosity and
Feed temp: 85 °C were carried out. therefore the permeate flux.
Coolant temp: 20 °C
Feed flow rate: 380
mL/min
Experimental time: 2 h
PTFE and GO MMM Configuration: DCMD 15 % increase in flux compared to ~ Hydrophilic GO increased [86]
PVDF PVDF/GO composite Feed solution: 10 g/L the unmodified PTFE membrane.  condensation and vapour removal
cast onto PTFE support NaCl No fouling tests were carried out.  rate, which increased the driving
Feed temp: 80 °C force
Coolant temp: 18 °C
Feed flow rate: 200
mL/min
Experimental time: 60
days
PTFE GO MMM Configuration: DCMD 35 % increase in flux comparedto  Increase the nanocapillary effect [87]
Feed solution: 3.5-34 the unmodified PTFE membrane.  and reduced temperature
g/L NaCl No fouling tests were carried out.  polarisation. Polar groups
Feed temp: 80 °C
Coolant temp: 20 °C
Feed flow rate: 212
mL/min
Experimental time: 90
days
PTFE Gr Few-layer CVD graphene  Configuration: DCMD High rejection (99.9 %) Charge neutrality helps with [88]
wet transferred onto Feed solution: 70 g/L Anti-wetting properties antifouling. Weak physisorption of
commercial PTFE NacCl, 1 mM mineral (rejection >99.9 % over 48 h SDS on graphene. Poor thermal
oil,1 mM SDS compared with 87 %) conductivity in the z-direction,
Feed temp: 60 °C Antifouling properties (flux leading to reduced heat loss.
Coolant temp: 20 °C decline 54 to 49 L/m? h
Feed flow rate: 30 mL/  compared to 62 to 38 L/m? h).
min
Experimental time:
48/72h
PTFE GO Laminate Configuration: DCMD Wetting resistance against 0.8 rGO suppressed temperature [89]
Feed solution: 35 g/L mM SDS for 66 h. High flux (149  polarisation which increased the
NacCl, 0.8 mM SDS L/m? h) at high temperature flux. Anti-wetting properties were
Feed temp: 60-80 °C differences due to low water adsorption of rGO
Coolant temp: 20 °C
Feed flow rate:
unknown
Experimental time: 66
h
PAN GO functionalised MMM Configuration: VMD Flux reduced from ~14 to 7 L/m?  Increased hydrophobicity and [83]
with SiO, and long Feed solution: 35 g/L h over 170 h with SDS feed. roughness, leading to enhanced
alkyl chains NaCl, 0.4 mM SDS, 30  Stable salt rejection for the entire  antifouling properties
mg/L humic acid experiment
Feed temp: 60 °C
Coolant temp: 20 °C
Feed flow rate:
unknown
Experimental time:
170 h
PVDF MoS, Coating Configuration: DCMD Water flux 27 L/m? h, but this MoS,-made membrane [13]

Feed solution: 58 g/L
NaCl, 2 w/v%
ethylene glycol, 0.1
Mm SDS

Feed temp: 60 °C
Coolant temp: 20 °C
Feed flow rate: 200

10

decreased to 21 L/m? h over 8 h

omniphobic with low surface
electrical resistance

(continued on next page)
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Membrane 2D material Membrane type and Operating conditions Performance Role of 2D material Ref.
support synthesis
mL/min
Experimental time: 8 h
Ceramic hBN Coating Configuration: SGMD Reject rate of 99.9 % and stable hBN increased the membrane [29]
p-sialon Feed solution: 40 g/L flux of 5-6 L/m* h over 200 h. No  hydrophobicity (145°)
NacCl comparison with unmodified
Feed temp: 80 °C membrane and no fouling tests
Coolant temp: were carried out.
unknown
Feed flow rate: 1000
mL/min
Experimental time:
200 h
PVDF/ hBN MMM Configuration: DCMD Higher recovery of salts (for Polar B-N bonds aided the [30]
polyethylene and MDC membrane crystallisation) and separation of water through the
glycol Feed solution: K;SO4 ~60 % higher flux" when nanochannels. hBN increased the
and KNO3 compared to unmodified membrane porosity
Feed temp: 80 °C membrane
Coolant temp: 20 °C
Feed flow rate: 700
mL/min
Experimental time:
100 h
PVDF hBN MMM Configuration: AGMD 43 % increase in flux compared to hBN increased the membrane [31]
Feed solution: 35 g/L PVDF. No fouling tests were porosity by acting as crystallisation
NaCl carried out. nuclei during the demixing stage of
Feed temp: 80 °C membrane manufacturing
Coolant temp: 20 °C
Feed flow rate: 250
mL/min
Experimental time: 60
h
PVDF GO-PDA Pyrolyser for surface Configuration: AGMD Stable operation over 72 h Increased hydrophilicity and This
functionalisation, and Feed solution: 35 g/L compared to ~10 h for control. reduced surface roughness which work
immobilised using PDA NacCl, 150 ppm humic Initial flux: 9.51 L/m? h reduced fouling attachment
acid, 200 ppm paraffin  Final flux: 9.50 L/m? h
oil FDR of 0.0021 + 0.005 %/h
Feed temp: 75 °C 7 % increase in permeate flux
Coolant temp: 20 °C
Feed flow rate: 1000
mL/min
Experimental time: 72
h
PVDF hBN-PDA Pyrolyser for surface Configuration: AGMD Stable operation over 72 h Increased hydrophilicity and This
functionalisation and Feed solution: 35 g/L (compared to ~10 h for control) reduced surface roughness which work
immobilised using PDA NacCl, 150 ppm humic Unstable for Triton X-100 feed reduced fouling attachment
acid, 200 ppm paraffin  Initial flux: 10.6 L/m? h
oil Final flux: 10.4 L/m? h
Feed temp: 75 °C FDR of 0.0274 + 0.01 %/h
Coolant temp: 20 °C 12 % increase in permeate flux
Feed flow rate: 1000
mL/min
Experimental time: 72
h
PVDF MoS,-PDA Pyrolyser for surface Configuration: AGMD Stable operation over 72 h This
functionalisation and Feed solution: 35 g/L (compared to ~10 h for control) work
immobilised using PDA NacCl, 150 ppm humic Unstable for Triton X-100 feed
acid, 200 ppm paraffin  Initial flux: 11.0 L/m? h
oil Final flux: 9.01 L/m? h
Feed temp: 75 °C FDR of 0.25 + 0.014 %/h
Coolant temp: 20 °C 10 % increase in permeate flux
Feed flow rate: 1000
mL/min
Experimental time: 72
h
PVDF WS,-PDA Pyrolyser for surface Configuration: AGMD Stable operation over 72 h This
functionalisation and Feed solution: 35 g/L (compared to ~10 h for control) work

immobilised using PDA

NacCl, 150 ppm humic
acid, 200 ppm paraffin
oil

Feed temp: 75 °C
Coolant temp: 20 °C
Feed flow rate: 1000
mL/min

Experimental time: 72
h

Unstable for Triton X-100 feed
Initial flux: 11.0 L/m? h

Final flux: 9.12 L/m* h

FDR of 0.24 + 0.013 %/h

12 % increase in permeate flux

11
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Acronyms: Air gap membrnae distillation (AGMD); 3-(aminopropyDtriethoxysilane (APTS); direct contact membrane distillation (DCMD); flux decline ratio (FDR);
graphene oxide (GO); hexagonal boron nitride (hBN); membrane distillation crystallisation (MDC); mixed matrix membrane (MMM); molybdenum disulphide (MoS5);
polyacrylonitrile (PAN); PTFE: Polytetrafluoroethylene; polyvinylidene fluoride (PVDF); polydopamine (PDA); sweeping gas membrane distillation (SGMD); vacuum

membrane distillation (VMD); tungsten disulphide (WSy).
2 Value calculated from available data.

In many fouling studies, the development of an antifouling layer
usually comes with a decrease in the permeate flux. For example, Li et al.
[84] investigated Janus membranes for the desalination of saline oily
wastewater. The omniphobic quartz membrane (which was developed
for its antifouling and pore-wetting resistance) had an initial flux of 19
L/m? h, whereas the original quartz fibre membrane had a flux of 28.6
L/m? h. This 34 % reduction in the permeate flux is significant and it can
also be seen in other MD fouling work. Mansour et al. [85] developed
graphene nanoplatelet (GP) coated membranes for brine treatment via
DCMD. The best GP coating (0.16 wt%) had a low flux reduction (15-14
L/m? h over 10 h) which indicates antifouling properties. However, even
the initial permeate flux was still lower than the final flux of the pristine
commercial membrane, which reduced from 30 to 22 L/m? h over the
same time period. The membranes studied in this investigation reduced
the FDR but did not reduce the flux of the membranes when compared to
the controls. This is likely due to the capillary force provided by the 2D
flakes, which increases the vapour pressure difference between the feed
and permeate side. The PDA is an insulating material and could also
reduce the heat loss, which increases flux when compared to the PVDF
control.

The GO-PDA/PVDF membranes synthesised in this study achieved a
similar permeate flux when compared to membranes in our previous
study, in which GO was deposited via vacuum filtration [50]. Also, in the
current study, the immobilisation of the GO could have improved as a
result of the spray coating method, whereby the amount of GO in water
was 3.69 mg/m? compared with 19.6 mg/m?. However, this is assuming
that the quantity of deposited GO is equivalent for both methods.

Overall, the GO-PDA/PVDF membrane should be selected to treat
wastewater containing organic and oil foulants as it reduced the FDR
from 22 % to 0.14 % over the 72 h experiment. However, this membrane
also resulted in the lowest tensile strength. For MD applications, this
may be of little importance as the physical strain that the membranes are
under is low (when operated at ambient pressure). However, for high-
pressure applications, such as reverse osmosis and nanofiltration, the
hBN and WS;, coating may be more suitable to provide fouling resistance
without affecting mechanical durability.

4. Conclusions

In this study, a new scalable method for depositing 2D flakes onto
polymer substrates was described and demonstrated for graphene oxide
(GO), hexagonal boron nitride (hBN), molybdenum disulphide (MoS3)
and tungsten disulphide (WS,). Characterisation of the GO membrane
showed that a thin layer of 2D material was deposited using this method.
The fouling results revealed that GO and hBN had the highest fouling
resistance, with negligible flux decline ratios over 72 h for a feed with
150 ppm humic acid and 200 ppm paraffin oil. The GO membranes were
the only type that were resistant to both fouling and pore wetting, which
was demonstrated by the stable flux during MD operation with 150 ppm
surfactant Triton X-100. The hBN membranes performed better under
mechanical testing, with significantly higher tensile strength (7 MPa)
and strain (68.8 %) than the GO membranes (5 MPa and 41.3 %,
respectively). However, mechanical properties and stability of GO
membranes indicate no concerns for their scalability. In fact, the pro-
posed coating method outlined in this work is scalable, but future work
should demonstrate this through the manufacture of pilot-sized mem-
branes and testing with more realistic wastewater samples. This work is
currently being carried out by the authors as a follow-up to this research.
Looking further ahead, as GO, MoS; and WS, are excellent conductors of
heat, future work could also consider exploring these materials as thin-
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films for localised Joule-heating, as well as investigating a combination
of two or more of these 2D materials within one membrane.
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