Graphical Abstract

Graphical Abstract

Challenging wastewater desalination

=) Saline feed

N
N % HH
7

3.0 ;

LRGN &

affinity 4 Membrane sites ¢

Smooth surface A ¢

ﬂ ﬂ ﬂ Graphene membrane:

v Stable desalination performance
v' Enhanced anti-fouling and anti-scaling

Permeate V' Promising potential for real wastewater

m Graphene membrane ﬂ Water vapor * Humic acid (HA) === Gypsum

Anti-fouling mechanism: A Anti-scaling mechanism: ¢

i - i
 High water &*j tt Less nucleation

'Low attractive force A Low binding force 4 |

i
I

i
1
I
I
[
1
I
]




O 00 N oo v b

10
11
12
13
14
15
16
17

Robust ceramic-based graphene membrane for challenging water

treatment with enhanced fouling and scaling resistance

Chunyi Sun?, Bin Lin®, Xiangyong Zheng®, Yingchao Dong® °*, Min Zhao®*,
Chuyang Y. Tang®*

#Key Laboratory of Industrial Ecology and Environmental Engineering (Ministry of
Education, MOE), School of Environmental Science and Technology, Dalian
University of Technology, Dalian 116024, China

b College of Life and Environmental Science, Wenzhou University, Wenzhou 325035,
China

¢ School of Mechanical and Electrical Engineering, University of Electronic Science
and Technology of China, 611731 Chengdu, China

4 Department of Civil Engineering, The University of Hong Kong, Pokfulam, Hong
Kong, China


https://www.editorialmanager.com/wr/viewRCResults.aspx?pdf=1&docID=107555&rev=1&fileID=3021682&msid=22cbf9b4-3a73-40ee-a67b-a57fc5c5874b
https://www.editorialmanager.com/wr/viewRCResults.aspx?pdf=1&docID=107555&rev=1&fileID=3021682&msid=22cbf9b4-3a73-40ee-a67b-a57fc5c5874b

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

Abstract

Membrane fouling and scaling are two challenges for efficient treatment of
hypersaline wastewater, greatly hindering separation performance and operation
stability of desalination membranes. In this work, we report a smooth ceramic-based
graphene desalination membrane, exhibiting enhanced anti-fouling and anti-scaling
ability and operational performance for efficient treatment of both synthetic and real
industrial wastewaters, outperforming polypropylene (PP) membrane. For treatment of
hypersaline waters containing organic or inorganic substance, we demonstrate that the
graphene membrane exhibits more stable water flux and almost complete salt rejection
(>99.9%) during constant operation. Enhanced anti-fouling and desalination
performance of graphene membrane could be attributed to the lower attractive
interaction force with foulant (—4.65 mJ m2), lower surface roughness (R, = 2.2 £ 0.1
nm) and higher affinity with water than PP membrane. Furthermore, an anti-scaling
mechanism enabled by graphene membrane is evidenced, with a highlight on the roles
of smooth graphene surface with lower roughness, less nucleation sites and lower
binding force with scaling crystals. Importantly, even for industrial petrochemical
wastewater, such a graphene membrane also exhibits relatively more stable water flux
and promising oil and ions rejection during long-term operation, outperforming PP
membrane. This study further confirms a promising practical application potential of
robust ceramic-based graphene membrane for efficient treatment of more challenging
hypersaline wastewater with complicated compositions, which is not feasible by
conventional desalination membranes.

Keywords: Desalination; Hypersaline wastewater; Graphene membrane; Anti-fouling;

Anti-scaling
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1. Introduction

Water scarcity has become being one of the most urgent global challenges due to
rapid population growth and severe water pollution (Dolan et al., 2021; Elimelech and
Phillip 2011; Wang et al., 2020). Compared with conventional energy-intensive thermal
methods, membrane-based desalination technologies featuring higher energy efficiency
have attracted tremendous attention (Deshmukh et al., 2018; Lopez et al., 2023; Patel
et al., 2020). Although reverse osmosis has been proven to be a gold standard
desalination technology, it is not suitable for treating highly saline waters (>70 g L)
because of their ultrahigh osmotic pressure (Dong et al., 2022; Zuo et al., 2020).
Recently, emerging thermal-membrane hybrid methods such as membrane distillation
(MD) and pervaporation (PV) have been increasingly explored as competitive
technologies for more challenging high-salinity wastewater treatment, e.g., for zero
liquid discharge using low-grade thermal energy such as solar energy, geothermal
energy and industrial waste heat (Farid et al., 2022; Lee et al., 2023; Li et al., 2021).
However, current desalination membranes still suffer from some challenging issues
such as membrane fouling, mineral scaling and pore wetting, especially over long-term
operation (Liu et al., 2022; Wang et al., 2022a; Warsinger et al., 2015), which motivates
us to develop reliable fouling/scaling mitigation strategies.

Hydrophobically modified polymeric membranes such as polypropylene (PP) has
been developed since as early as 1960s due to their low cost and structural stability for

membrane contactors and lab-scale desalination (Himma et al., 2016; Xu et al., 2017).
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However, when treating more challenging hypersaline wastewater with complicated
compositions, they often show high fouling/scaling/wetting propensity, low flux and
deteriorated rejection (Ravi et al., 2020; Tibi et al., 2020). To address these limitations,
tremendous efforts have recently been devoted to exploring rationally-designed anti-
fouling or anti-scaling desalination membranes with specially engineered wettability,
such as superhydrophobic membranes (Karanikola et al., 2018; Rezaei et al., 2018; Su
et al., 2019), omniphobic membranes (Chang et al., 2020; Wang et al., 2019), and Janus
composite membranes (Chen et al., 2021b; Feng et al., 2021). In spite of enhanced
performance, most current modification strategies could only address one or some
aspects of fouling, scaling and wetting issues. Due to complicated compositions in real
industrial wastewater, membrane fouling, scaling and wetting usually occur
simultaneously especially during long-term operation. It is necessary with practical
significance to engineer new desalination membranes with simultaneous anti-fouling,
anti-scaling and anti-wetting functions (Feng et al., 2022; Tong et al., 2023).
Interestingly, atomically smooth graphene has attracted tremendous interests as an
emerging desalination membrane owing to its specific surface and interfacial properties
as well as suitable pore structure (Chen et al., 2021a; Liu et al., 2016). Rational design
of robust graphene membranes would possibly provide a new platform that could
simultaneously achieve promising anti-fouling/anti-scaling/anti-wetting  and
desalination performance for challenging hypersaline wastewater treatment.

Herein, unlike common modifications on MD membranes and processes, we
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report a robust ceramic-based graphene desalination membrane with smooth surface for
more challenging desalination of hypersaline wastewater with complicated
compositions via PV process, enabling more promising resistance toward fouling,
scaling and wetting, which outperforms PP membrane—one of the dominant
desalination membranes. The fouling/scaling behavior and desalination performance of
both PP membrane and graphene membrane was systematically investigated for
treatment of synthetic hypersaline wastewater with the presence of humic acid (HA) or
gypsum (CaSQO4). More importantly, even for real industrial wastewater, the graphene
membrane also shows more promising performance and sustainable operation stability
than PP membrane. Detailed mechanistic insights are further provided to understand
the unique anti-fouling and anti-scaling process mechanism of graphene membrane via
both experimental and theoretical calculation results. In spite of two different
membrane processes, scientific understanding of enhanced anti-fouling/anti-scaling
mechanism is the main focus of our current work. In addition, such a comparison is
beneficial to select appropriate membrane and membrane process. Our study offers a
valuable reference toward rational design of robust desalination membrane
surface/interface with promising simultaneous anti-fouling and anti-scaling ability for

efficient treatment of more challenging hypersaline industrial wastewater.

2. Materials and methods
2.1. Chemicals and materials

Zirconia (ZrO2, 3Y-TZP, 3 % mol yttrium oxide stabilized tetragonal zirconia

5
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polycrystal) powder (Fanmeiya Materials Co., Ltd., China) was used as the raw material
for preparation of ceramic substrate. Graphene oxide (GO) was purchased from Nanjing
XFNANO Materials Tech. Co., Ltd., China. Chitosan (CS) was obtained from
Sinopharm Chemical Reagent Co., Ltd., China. Sodium chloride (NaCl, AR), calcium
chloride (CaClz, AR), sodium sulfate (Na2SO4, AR) and acetic acid (CH;COOH, AR)
were purchased from Damao Chemical Reagent Factory, China. Humic acid (HA) was
supplied from Shanghai Aladdin Biochemical Technology Co., Ltd., China. The
commercial PP membranes (Table S1 and Fig. S1) were purchased from Hangzhou
Kaijie Membrane Separation Technology Co., Ltd., China. Both gases (argon and
nitrogen, purity > 99.999%) were obtained from Dalian Guanghui Gas Co., Ltd., China.
2.2. Membrane fabrication

The ZrO; ceramic substrates were prepared through a dry-wet spinning technology
including immersion-induced phase inversion and dry-sintering process (Supporting
Information S1.2, Fig. S2 and Fig. S3a-b). To fabricate the nanoporous y-Al,0O;
interlayer on ZrO> ceramic substrates (ZrO@y-Al203) (Fig. S3c—d), a dip-coating
method was employed with boehmite sol (Wang et al., 2022b). The GO solution (200
mg L") was synthetized by adding GO power into deionized water, and then
ultrasonicating for 3 h in a sonicator tank. The CS solution (0.4 wt.%) was prepared
using acetic acid to ensure complete dissolution. 12.5 mL CS solution and 5 mL GO
solution (200 mg L") were dispersed in 50 mL deionized water. The mixtures were then

placed onto a magnetic stirrer and vigorously stirred for 24 h to obtain homogeneous
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GO-CS solution. The prepared GO-CS solution was vacuum-filtered using the
circulating water multipurpose vacuum pump (SHZ-D (IIl), Henan Yuhua Instrument
Co., Ltd., China) for 20 min onto ZrO>@y-Al>O3 substrate by applying a vacuum of
—0.097 MPa at the lumen side of the substrates (Fig. S4). The GO-CS membranes
coated onto ZrO>@y-Al20O3 substrates were dried at room temperature overnight.
Subsequently the membranes were placed into a tube furnace (OTF-1200X, Hefei
Kejing Materials Technology Co., Ltd., China), heated at 200 °C for 2 h, and then
annealed at 900 °C for 3 h in a flowing argon atmosphere (30 mL min ') to obtain the
ceramic-based graphene membranes with most probable pore size of ~5.6 A (Fig. S3e—
f, Fig. S5, Table S2 and Fig. S6).
2.3. Membrane characterization

The microstructure and surface morphologies of PP membrane and graphene
membrane were observed in a field emission scanning electron microscope (FE-SEM,
NOVA NanoSEM 450, FEI company, USA) equipped with energy dispersive
spectrometer (EDS) mapping analysis. The water contact angles of PP membrane and
graphene membrane were measured by a dynamic contact angle goniometer (PT-705,
Guangdong Zhongcheng Pussett Equipment Co., Ltd., China). Free-standing graphene
membranes were prepared for N2 adsorption and desorption analysis using an automatic
physical adsorption instrument (AS-1-MP-11, Quantachrome, USA). Pore size
distribution was determined by the Horvath-Kawazoe method (i.e., slit pore model).

Raman spectra of GO-CS and graphene membranes were recorded in a Raman
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spectrometer (inVia Qontor, Renishaw, UK). X-ray photoelectron spectroscopy (XPS,
Thermos K-Alpha+, USA) was employed to characterize the surface compositions of
GO-CS and graphene membranes. Atomic force microscopy (AFM, Dimension Icon,
Bruker, USA) was used to measure surface roughness of PP membrane and graphene
membrane. Three-dimensional excitation-emission matrix (3D-EEM) fluorescence
spectroscopy (F7100, Hitachi, Japan) was employed to quantify the fluorescent
compounds of industrial petrochemical wastewater and permeate. The feed and
permeate ion concentrations of industrial wastewater were measured by an inductively
coupled plasma optical emission spectrometer (ICP-OES, Avio 500, PerkinElmer,
USA). The tensile strength of commercial PP membrane and bending strength of
graphene membrane were tested in a universal testing machine (AGS-X, Shimadzu
(Suzhou) Instruments Manufacturing Co., Ltd., China). Detailed description of
experimental procedures can be found in Supporting Information S1.1 and S1.3.

2.4. Performance test

Desalination performance (water flux and salt rejection) of PP membrane and
graphene membrane was measured in a vacuum-assisted desalination setup (Fig. 1).
The fouling and scaling behavior of both PP membrane and graphene membrane was
systematically investigated for hypersaline water (NaCl, 70 g L™!) containing different
concentrations of HA (1040 mg L") or gypsum (CaSO4) (14 g L™!) at 60 °C. Gypsum
solution was prepared by mixing CaCl, and NaSOs in deionized water without pH
adjustment. The real industrial petrochemical wastewater (secondary sedimentation

tank wastewater) was collected from Sinopec Shanghai Petrochemical Co., Ltd., China.
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Oil concentrations of the feed and permeate for industrial petrochemical wastewater
were measured using an infrared oil detector (OIL460, Beijing China Invent Instrument
Technology Co., Ltd., China). A vacuum condition on the permeate side was maintained
at —0.097 MPa using a vacuum pump (2XZ-2, Linhai Tanshi Vacuum Equipment Co.,
Ltd., China) to drive the transport of water molecules across the membranes. A cold
trap cooled with liquid nitrogen was used to collect permeate for weighing at constant
time intervals. Water flux (J, L m2 h™!) and salt rejection (R, %) can be calculated by

the following equations (Si et al., 2020):

J= Am )
Ap At
_ .G
R=(1=7) @)

where Am (kg) is the mass of the permeate at a given time interval Az (h), 4 (m?) is the
effective area of the membrane, and p is the water density (0.9971 kg L', 25 °C). The
salt concentrations (kg L™!) of the feed (Cy) and permeate (C,) were indirectly analyzed
using a conductivity meter (DDS-307A, INESA, Shanghai, China).
2.5. Extended Derjaguin—Landau—-Verwey—Overbeek (xDLVO) theory

To better understand membrane fouling behavior and elucidate membrane fouling
mechanism, the xXDLVO theory was used to calculate the interfacial interaction energies
between the organic foulant (HA) and membrane surfaces (PP or graphene). According
to the xDLVO theory, the total interfacial interaction energy between the foulant and
membrane surface immersed in water can be written as follows (Boo et al., 2018; Lin

et al., 2014):

O A
AGIs) =AG +AGH) 3)
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where the subscripts 1, 2 and 3 denote the foulant, surface and water, respectively. The
total interfacial interaction energy (AG?%T) is obtained by summing the interaction
energies from Lifshitz—van der Waals (LW) interaction (AGT3y) and acid—base (AB)
interaction (AG%BZ). The detailed calculation method and results are described in

Supporting Information S2 (Tables S3-S6).

Fig. 1.

3. Results and discussion
3.1. Enhanced anti-fouling and desalination performance

Membrane fouling is a challenging issue in membrane-based desalination
processes, where foulants accumulate on membrane surface and block membrane pore,
usually resulting in the formation of a foulant layer and consequently performance
decline (Boo et al. 2018; Horseman et al., 2020). As one of common natural organic
matters, hydrophilic HA is considered as a major component of membrane fouling for
MD desalination technology (Dong et al., 2018; Si et al. 2020). In this work, to address
the key issue of HA fouling, we employed the specially-designed graphene membranes
(via PV process) for desalination of challenging hypersaline water with presence of HA
(Fig. 2), which outperformed PP membranes (via MD process). For both membranes,
gradual decrease in water flux with increasing HA concentration could be ascribed to a

decreased driving force with increased membrane fouling (Fig. 2a—c). Despite excellent
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and stable salt rejection above 99.9% for both membranes, the graphene membrane
exhibited much higher water flux than PP membrane at a wide range of HA
concentrations (0—40 mg L. Interestingly, even at a very high HA concentration (40
mg L), the water flux of graphene membrane (20.3 £ 0.4 L m2 h!) is still almost
three times higher than that of PP membrane (7.1 £ 0.4 L m2 h!), indicating a better
desalination performance.

Specifically, in spite of maintaining a high and stable salt rejection (>99.8%), the
PP membrane exhibits a rapid decrease in water flux (e.g., ~65% after a 100 h MD
operation) due to severe membrane fouling (Fig. 2d—e), which could be reflected by a
significantly decreased water contact angle from 106.0 + 1.4° to 75.1 + 1.0° after 100
h operation by the accumulation of more hydrophilic HA molecules (Fig. 2¢ inset). In
contrast, besides promising salt rejection (>99.9%), the graphene membrane was able
to maintain a relatively more stable water flux during 100 h operation (Fig. 2d),
suggesting that better fouling resistance. It has a very low flux reduction rate (0.31% h~
1, when compared with those (0.33-7.30 % h™) of other state-of-the-art MD
membranes (Table S7). This can be again verified by the SEM images of membrane
surface with fouling mitigation, and more slightly decreased water contact angles

before and after desalination operation (Fig. 2f).

Fig. 2.
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3.2. Promising anti-scaling and desalination performance

In addition to membrane fouling, membrane scaling is the other important
challenge for treatment of hypersaline water containing slightly soluble minerals such
as sulfates (Horseman et al. 2020; Xiao et al., 2019b). Formation and accumulation of
scaling precipitates on membrane surface usually lead to significant flux decline or
severe membrane wetting (Karanikola et al. 2018; Xiao et al., 2019a). In our work, such
an unfavorable phenomenon of CaSOj4 scaling was observed for conventional MD
desalination membranes, especially PP membrane (Fig. 3a and Fig. 3c—e). In contrast,
graphene membrane exhibited mitigated scaling and better desalination performance
than PP membrane for treating hypersaline feed containing CaSOj4 (Fig. 3b—d and Fig.
3f). At a wide-range CaSO4 concentration from 0 to 4 g L', in spite of almost complete
salt rejection (>99.9%) for both membranes, the water flux of graphene membrane is
all higher than those of PP membranes. Especially, even at high CaSO4 concentration
(4 g L"), the graphene membrane still exhibited high water flux (20.5+ 1.1 Lm2h!),
which is much higher (~3.3 times) than that of PP membrane with low water flux (6.3
£0.6Lm>hM).

In spite of constantly maintaining a high salt rejection (>99.8%) until ~70 h
operation, the PP membrane shows rapid water flux decline (e.g., ~61% at ~70 h) (Fig.
3d). When further increasing operation time to 100 h, a significant decrease of salt
rejection (~96.6%) was observed with high permeate conductivity (~3255.8 uS cm™)

(Fig. S7), due to the occurrence of server scaling-induced pore wetting, which could be
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fully confirmed by a significant change in surface morphologies and components (more
CaSO0s4 and NaCl scaling), and enhanced surface hydrophilicity (i.e., decreased water
contact angles) (Fig. 3e and Fig. S8). In comparison, the graphene membrane displays
an enhanced scaling/wetting resistance with relatively more stable water flux and nearly
perfect salt rejection (>99.9%) during 100 h PV operation (Fig. 3d), indicating the better
desalination performance. Moreover, it has a very low flux reduction rate (0.35% h™),
which is lower than those (0.59—7.21 % h?1) of reported polymeric membranes (Table
S8). This conclusion can be also supported by the SEM images of membrane surface
with mitigated membrane scaling (i.e., less CaSO4 scaling and more stable water
contact angles before and after desalination operation) (Fig. 3f and Fig. S9). In
conclusion, these results clearly demonstrate that the graphene membrane has more

promising anti-scaling and desalination performance.

Fig. 3.

3.3. Mechanistic insights into enhanced anti-fouling and anti-scaling
Understanding fouling mechanism is of great significance by probing membrane
surface properties (e.g., hydrophobicity, roughness and pore size) (Du et al., 2018; Zuo
et al., 2022). The pristine PP membrane shows a highly stable dynamic water contact
angle (104.3°-107.7°) (Fig. 4a). But for the HA-fouled membrane, the water contact

angle significantly decreased from 75.1° to 52.3° (~30.4% reduction) over time (180 s)
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(Fig. 4a and Fig. 4c), which is attributed to the accumulation of more hydrophilic HA
molecules. In contrast, both the pristine and HA-fouled graphene membranes fabricated
in this work exhibited relatively low and constantly stable water contact angle (88.7°—
91.9° for pristine membrane, and 76.4°-82.9° for HA-fouled membrane) (Fig. 4b and
Fig. 4¢), indicating the low organic fouling propensity. Compared with PP membrane,
the surface of graphene membrane with enhanced hydrophilicity has higher affinity
with water molecules, creating a more robust hydration layer that effectively resisted
the deposition of hydrophilic organic foulants (Boo et al. 2018; Wang et al., 2016a;
Wang et al., 2016b). In addition, the lower surface roughness and pore size of graphene
membrane than PP membrane further decreases the contact area with foulants (Fig. 4d
and Fig. 5a—c), resulting in a lower propensity for HA fouling. In PV, liquid water
molecules transport across a dense selective polymeric or inorganic layer via solution-
diffusion or adsorption-diffusion mechanism (Castro-Mufioz 2020; Wang et al. 2022b).
In our work, the subnanometer pores (~5.6 A) of graphene membranes play an
important role in not only allowing the diffusion of small water molecules (2.8 A) but
also rejecting larger hydrated Na* (~7.2 A) and CI~ (~6.6 A) ions. In this case, the
selective graphene layer achieved high salt rejection. Unlike PV, in MD, the
temperature difference between feed and permeate results in a partial vapor pressure
difference that drives water vapor to transport through hydrophobic membrane pores
(Si et al. 2020). Inside membrane pore, the transport of water vapor molecules is

dominated by Knudsen diffusion, viscous flow, molecular diffusion or their combined
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models (Sun et al., 2022).

In addition to surface properties, complicated interactions between membrane
surface and foulants also play a key role in membrane fouling (Ren et al., 2023). The
interfacial interaction energies between membrane surfaces (PP or graphene) and
foulants (HA) were calculated from interfacial forces based on xDLVO theory
(Supporting Information S2, Tables S3—S6) (Lin et al. 2014; Wang et al., 2013). The
interfacial force of HA—water was calculated to be —27.63 mN m™! (Fig. 4e and Table

S5), suggesting its high affinity with water (i.e., high hydrophilicity). Compared with

70T

1, and yI0TY) of

PP membrane, the lower absolute values of interfacial forces (y 53

graphene membrane indicate its weaker affinity to foulants (HA) and stronger affinity
to water, which is more beneficial to form a hydration layer with less HA fouling on
graphene surface. More importantly, a much weaker interfacial attractive force for
graphene membrane (—4.65 mJ m2) was observed than PP membrane (—13.48 mJ m?)
(Fig. 4f and Table S6), once again suggesting a lower organic fouling propensity. These
microscopic-level results correlate well with the above anti-fouling performance (Fig.
2). In summary, the anti-fouling mechanism for graphene membrane can be attributed
to the lower attractive interaction force, lower surface roughness and higher affinity

with water (Fig. 4g).

Fig. 4.
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To understand the scaling process mechanisms of PP and graphene membranes,
we further studied their dynamic/static surface properties and compositions before and
after desalination operation. In spite of their both nominally flat and smooth surface
features at the macroscopic scale, the PP and graphene membrane surfaces have
obviously different nanoscale structures and morphologies (Fig. Sa—b). Specifically, the
average roughness value of PP membrane (R, = 17.8 £ 3.8 nm) is almost one order of
magnitude higher than that of graphene membrane (R, =2.2 + 0.1 nm) (Fig. 5¢), which
is smoother with no visible crests or sags. The PP membrane with higher roughness not
only provided more heterogeneous nucleation sites, but also served as a cratered surface
for more facile growth and adhesion of scaling crystals. During the nucleation and
crystal growth stages, such a higher roughness further increased both the friction and
contact area between membrane surface and scaling crystals, resulting in an increased
probability of heterogeneous nucleation or crystal growth on membrane surface. Our
result is consistent with a prior study reporting that mineral crystallization became
severer with increasing surface roughness (Huang et al., 2020; Lin et al., 2011). In
contrast, the smooth graphene membrane surface had not only less heterogeneous
nucleation sites, but also notably lower binding force with scaling crystals (Zuo et al.
2022), resulting in a lower scaling propensity.

Such a mitigated membrane scaling can be also evidenced by the dynamic water
contact angle and SEM-EDS elemental mapping results (Fig. 5d-h). Different from the

scaled PP membrane with less stable water contact angle (Fig. 5d and Fig. 5f), the

16



338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

graphene membranes before and after operation both show more stable dynamic water
contact angle (88.7°-91.9° before operation, and 74.1°-86.1° after operation) (Fig. Se—
f), indicating the low mineral scaling propensity. Moreover, unlike PP membrane
surface with more Ca and Na elements (Fig. 5g and Fig. S8), the graphene membrane
has much less Ca and Na elements detected after desalination operation, and no
observable crystals accumulated on the surface (Fig. 5h and Fig. S9). These
observations indicate that graphene membrane has some unique advantages to resist
mineral scaling, outperforming PP membrane. In addition, scaling crystals are likely
produced via a nonclassical nucleation process where the aggregation of precursor
clusters and their interactions with membrane surface regulate the formation of
heterogeneous scale (Tong et al. 2023; Yin et al., 2022). In this case, graphene
membrane surface with enhanced hydrophilicity is more favorable for reducing surface
scaling propensity due to their lower affinity with precursor clusters and higher affinity
with water. Such a mechanism is analogous to that behind using hydrophilic surfaces
to achieve enhanced organic fouling resistance (Fig. 4). In summary, the anti-scaling
mechanism of graphene membrane can be attributed to its smooth surface with lower
roughness, less nucleation sites, lower binding force with scaling crystals, and higher

affinity with water (Fig. 51).

Fig. 5.
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3.4. Promising application potential for industrial wastewater treatment

Unlike synthetic high-salinity water, efficient treatment of real wastewater is more
challenging due to its complicated components. To further evaluate the feasibility for
practical application, we tested the desalination performance for treatment of industrial
petrochemical wastewater (Fig. 6a) using PP membrane and graphene membrane. In
this work, the feed wastewater contains oily emulsion (total oil, 26.30 mg L") and
inorganic salts such as Na*, Ca?*, Mg**, K* (total conductivity ~3.9 mS cm™') (Table
S9). For PP membrane, a rapid decrease was observed for both salt rejection (from 97.4
to 82.1%) and water flux (from 9.5 to 1.2 L m h™') during only 32 h MD operation,
indicating a failure of MD desalination capacity by pore-wetting and membrane fouling
(Fig. 6b and Fig. S10). The SEM images and decreased water contact angles further
confirm severe membrane fouling/scaling of PP membrane after MD operation (Fig.
6d). In addition, commercial polytetrafluoroethylene (PTFE) membrane also exhibits
significant decrease in water flux (from 7.0 to 1.9 L m 2 h™!) and salt rejection (from
99.1 to 84.3%) after 50 h operation (Fig. S11), due to the severe fouling, scaling and
wetting (Fig. S12). Different from commercial PP and PTFE membranes with rapid
flux decrease, the graphene membrane shows relatively more stable water flux during
constant PV operation (until 100 h), despite a gradual decrease due to the inevitable
fouling/scaling caused by the complicated compositions of feed wastewater. The flux
reduction rate (0.60 % h™!) of graphene membrane was much lower (i.e., ~5 times lower)

than that (2.69 % h™') of PP membrane (Fig. 6¢ and Table S10). More importantly, the
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graphene membrane also exhibits much more constantly stable salt rejection (~98.8%)
and low permeate conductivity (~47.5 uS cm™') until 100 h (Fig. 6b and Fig. S10). Such
a mitigated membrane fouling/scaling can be also supported by the accumulation of
less foulants on membrane surface with more stable water contact angles before and
after operation (Fig. 6e). Moreover, the presence of less multiple elements (e.g., O, N,
S, Cl, K, Ca) further shows that less fouling/scaling was formed on graphene membrane
than PP membrane (Table S11).

Moreover, 3D-EEM fluorescence spectra were collected to further analyze the
rejection of organic components in feed and permeate for both membranes (Fig. 6f—¢g
and Fig. S13). The feed of petrochemical wastewater contains various chemical
compounds such as tryptophan-like substances (II), fulvic acid-like substances (III),
soluble microbial byproduct substances (IV) and humic acid-like substances (V) (Fig.
6f and Table S12) (Chen et al., 2003; Song et al., 2020). Unlike PP membrane (with
organic residues in the permeate, Fig. S13), the graphene membrane was able to
completely reject the organic components, which were not identified in the regions I,
III, IV and V (Fig. 6g). Moreover, the graphene membrane also exhibited the better
rejection of oil and inorganic ions (e.g., Na*, Ca**, Mg** and K*) than PP membrane
(Fig. 6h and Table S9). In addition, after efficient treatment by using graphene
membrane, all the ionic concentrations of the permeate are lower than the World Health
Organization (WHO) drinking water standard (Edition 2011). The promising separation

performance and operational stability of graphene membrane demonstrate a good
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practical application potential of efficiently treating industrial wastewater.

For the treatment of synthetic and real wastewaters, the graphene membrane
exhibited better anti-fouling and anti-scaling performance than more hydrophobic
commercial polymeric membranes such as PP membranes. In addition to surface
wetting, other mechanism factors such as interaction force, nucleation site and
roughness are responsible for mitigating membrane fouling and scaling. Enhanced anti-
fouling performance could be attributed to the lower attractive interaction force with
foulant, lower surface roughness and higher affinity with water while enhanced anti-
scaling could be ascribed to lower roughness surface, less nucleation sites and lower
binding force with scaling crystals. Nevertheless, the fabricated graphene membrane
indeed suffered from progressively enhanced fouling and scaling with time (i.e.,
gradual flux decline) during long-term single-cycle operation (Fig. 6b). Future research
is still highly needed by developing more ellective surface-modification or
pretreatment strategies to further mitigate fouling and scaling to improve desalination

performance.

Fig. 6.

4. Conclusions
Treatment of more challenging hypersaline wastewater is of practical significance

for membrane technology. In this study, we demonstrate the promising performance
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and unique anti-fouling and anti-scaling process mechanism of ceramic-based graphene
membrane for efficient treatment of both synthetic and real industrial wastewaters with
complicated compositions, which can be considered as a more promising alternative to
commercial PP membrane. For treatment of organic hypersaline water, the graphene
membrane was able to maintain not only promising salt rejection (all >99.9%), but also
more stable water flux than PP membrane during constant operation due to its mitigated
organic fouling. Such mitigated organic fouling could be attributed to the lower surface
roughness (Ra=2.2 £ 0.1 nm), lower attractive interaction force with foulant (—4.65 mJ
m2), and higher surface affinity with water molecules for graphene membrane than PP
membrane. Moreover, for treatment of hypersaline water containing inorganic gypsum,
the graphene membrane displays a relatively more stable water flux, and especially
more highly stable salt rejection (>99.9%) during operation than PP membrane, which
suffers from lower salt rejection due to the severe scaling and wetting issues. The
enhanced scaling/wetting resistance of graphene membrane can be ascribed to its
specific surface and interfacial properties such as smooth graphene surface with lower
roughness, less nucleation sites and lower binding force with scaling crystals. More
importantly, even for industrial petrochemical wastewater, the graphene membrane also
shows not only more promising performance (such as higher water flux and higher
rejections for inorganic salt ions and total oil), but also better and more sustainable
long-term operation stability, outperforming PP membrane. Therefore, the performance

enhancement strategy through achieving simultaneous anti-fouling and anti-scaling
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ability will not only provide a valuable reference for rationally designing robust
desalination membranes with specific surface and structure properties, enabling more
challenging water treatment applications, which could not be well performed by
conventional technologies.

Besides the lab-scale membrane configuration designed in this work, it is
challenging that graphene membranes should be massively produced into larger tubular
or flat-sheet dimensions for large-scale application using reliable manufacturing
techniques such as extrusion-sintering, dip-coating and vacuum-filtration processes. In
spite of two different membrane processes, scientific understanding of enhanced anti-
fouling/anti-scaling mechanism is the main focus of our current work via both
experimental and theoretical calculation results. The aim of such a comparison is to
select appropriate membrane and membrane process. Energy consumption calculation
for desalination process is a complicated process. In the following work, energy
consumption will be calculated and compared for these two processes based on
experimental and model simulation methods. Most conventional processes with a bulk
heating mode are energy intensive, which needs to be fully addressed to decrease energy
consumption. Considering the promising photothermal or electrothermal properties of
graphene, an interfacial heating enhanced protocol will be also employed in our
following work to further not only enhance desalination performance by significantly
mitigating scaling and fouling, but also decrease energy consumption, which are still

less concerned for current studies. In addition, more robust ceramic-based graphene
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membranes are also expected to have promising applications in chemically or

physically harsh environments.
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Fig. 1. (a) Schematic diagram of the vacuum-assisted desalination setup. (b) Schematic
diagram of desalination membrane processes for polypropylene (PP) membrane (via
membrane distillation process) and graphene membrane (via pervaporation process,
fabricated in this work) for treatment of challenging hypersaline waters containing

humic acid (HA) or gypsum (CaSOs).



a 15+ - IE B g
Lo 10 b 1= * ® L 100 50 []PP membrane
~ PRiSEETS Graphene membrane |- 99 & [ Graphene membrane
& 10 3
1S =4
< g
T 51 &
2 10 30 40 B 0 10 30 401
HA concentration (mg L") HA concentration (mg L") HA concentration (mg L")
d - 500
10 —Q—GMO:A@/B#A%Q-@—AG—A - - 100
= A\°“0~o—o . - 400
2 ~A—A \O\O\o -99
< 0.8+ TAA—p —0—%—0—5 "ol £ | 300
5 Al 0~0—0—0—0—0-00\/} 9 ¢
5 0.6 { —A——A——A— PP membrane A B L 200
@ L 97 @
N {—0——0——0-— Graphene membrane A—A—A__ A—A__A )
§0.4 T AA—A—A)( [o6 ™ [ 100
(e}
. <'g—o—-o—o—é— 0—6& —%A&Ae@——@:@—-—@%—@—%*éﬁé gs: 10
0 40

Before...

Before

4*ym 4 um

PP membrane Graphene membrane

Fig. 2. Desalination performance and fouling of PP membrane and graphene
membrane for treatment of hypersaline water (70 g L~! NaCl) with presence of HA
(040 mg L) at 60 °C. Desalination performance (water flux and rejection) of (a) PP
membrane and (b) graphene membrane for treatment of hypersaline water containing
different HA concentrations ranging from 0 to 40 mg L. (c) Flux reduction ratio of PP
membrane and graphene membrane for treatment of hypersaline water containing HA
(1040 mg L™). (d) Comparison of desalination performance (normalized water flux
and salt rejection) between PP membrane and graphene membrane for treatment of
hypersaline water with presence of HA (40 mg L™!). Membrane surface SEM images
and water contact angles in air (inset) of (¢) PP membrane and (f) graphene membrane

before and after desalination operation (feed solution: 40 mg L™' HA, 70 g L™! NaCl).

Salt concentration (ppm)



a 15'_ﬁ_¥_§:— 100 b40_ % ¥ 100 c -, [
—~ o 1 h
PP membrane 99~ Graphene membrane 99 s [ Graphene membrane
& s 28 .
< o L = 40
-98¢c ©
sEm 1 =] %4 z : é £30-
7 A | ors. / A Las 5,
Q B -
0.2 ¢ i
/ / i / X 10 -
% 2
0 25 a8, Y g 4 a5 4 0 =5
CaS0, congentration (g L) CaSO, concentration (g L™ CaSO, concentration (g L")
. - 2500 _
1.0 o/ | 100 =
5 [ L 2000 &
308 99 _ =
e I = 5
< | 1500 %
:—'5 98 = %
5 0.6 1 st £
IS Lor8 1000 g
€04 Bl B
o ©
z n
0.2 -0

Before . i ‘/ 24 Before

4 um ¢ ey A K 4 pm

PP membrane Graphene membrane

Fig. 3. Desalination performance of PP and graphene membranes for treatment of
hypersaline water (70 g L' NaCl) with presence of CaSO4 (04 g L) at 60 °C.
Desalination performance (water flux and rejection) of (a) PP membrane and (b)
graphene membrane for treatment of hypersaline water containing different CaSOg4
concentrations ranging from 0 to 4 g L™!. (c) Flux reduction ratio of PP membrane and
graphene membrane for treatment of hypersaline water containing CaSO4 (1-4 g L),
(d) Comparison of desalination performance (normalized water flux and salt rejection)
between PP membrane and graphene membrane for treatment of hypersaline water with
presence of CaSO4 (4 g L™!). Membrane surface SEM images and water contact angles
in air (inset) of (¢) PP membrane and (f) graphene membrane before and after

desalination operation (feed solution: 4 g L™! CaSOs, 70 g L™! NaCl).



a b Cc

120 B PP (pristine) 120 0 Graphene (pristine) 1\,60 . PP (HA-fouled)
7 O PP (HA-fouled) 7 91 8 Graphene (gé-gouled) % Graphene (HA-fouled)
‘1/1 o Bo/glelelplelalElylaln6ln 8 6]s B a) & 100 . . g 45
21999 % 106.0 105.1°% 5 B * 3
% ﬂ -m 2 DEO00E000pEpaEnaEgt %
< 80 S 80-3900000000000000000 | B °C ]
© %Oo 52.3 8 82.9¢ % [)
£ 604 “75.10 %00 5 60 49 ﬂ 215 -
1AL :
40 T T T T T T T 40 T T T T T T T ‘g 0 E T T T T T T T
0 30 60_90 120 150 18 0 30 60 90 120 150 180 8 0 30 60 90 120 150 180
d Time (s) e Time (s) f Time (s)
€ 100 - - 60- T RT— & 0
% 95 ] i - 1A vig(HA-surface) c
90 2
» 85 SW E -5
2 804 3
aQ 754 [}
o = 1 = 0:, -10 4
g o5 : é 15
& 0.3 : 8
% [}
é 0.0 ‘ E.20
PP Graphene PP Graphene PP-HA  Graphene-HA
g I
Saline feed : Saline feed
- * * Severe fouling : % I g
I .
% A ;Jﬁ' Higher attractive forceﬁhb| N *»‘l *Lower attractive forced
R o e At o s
Q g ( ’ Q ’ : R eLower roughness
ﬂ ﬂ ﬂ * Higher roughness : ﬂ ﬂ ﬂ . - .
¢ Lower affinity with water! *Higher affinity with water
I
Permeate I Permeate
I
I
PP membrane i Graphene membrane ﬂ Water vapor * HA

Fig. 4. Surface properties and interaction energies of PP membrane and graphene
membrane. Dynamic water contact angle over time (180 s) of (a) PP membrane and
(b) graphene membrane before and after desalination operation for treatment of
hypersaline water (70 g L' NaCl) containing HA (40 mg L™). (c) Dynamic water
contact angle reduction rate over time of PP membrane (HA-fouled) and graphene
membrane (HA-fouled) after desalination operation. (d) Most probable pore size (nm)

of PP membrane and graphene membrane. (e) Interfacial forces (mN m') between
foulant (HA)—surface (yg)T), foulant (HA)—water (yg)T) and surface—water (yg)T) (the

subscripts 1, 2 and 3 donate foulant, membrane surface and water, respectively). (f)
Interfacial interaction energies (AGlT?QT, mJ m2) between the foulant (HA) and
membrane surface. (g) Schematic illustration of fouling process mechanisms for

fouling-prone PP membrane (left) and fouling-resistant graphene membrane (right).
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Fig. 5. Surface properties and scaling mechanism of PP membrane and graphene
membrane. AFM images of (a) PP membrane and (b) graphene membrane. (c) Surface
roughness comparison of PP membrane and graphene membrane. Dynamic water
contact angle over time (180 s) of (d) PP membrane and (e) graphene membrane before
(pristine) and after (gypsum-scaled) desalination operation for treatment of hypersaline
water (70 g L' NaCl) containing CaSO4 (4 g L!). (f) Dynamic water contact angle
reduction rate over time of PP membrane (gypsum-scaled) and graphene membrane
(gypsum-scaled) after desalination operation. SEM images and EDS element mapping
images (cyan: Ca; red: Na) of the outer surface of (g) PP membrane and (h) graphene
membrane after 100-h desalination operation (70 g L' NaCl, 4 g L™! CaS0a). (i)
Schematic illustration of scaling process mechanisms for scaling-prone PP membrane

(left) and scaling-mitigated graphene membrane (right).
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Fig. 6. Performance, fouling and scaling of PP membrane and graphene
membrane for treatment of real industrial petrochemical wastewater. (a) Photos of
industrial petrochemical wastewater. (b) Desalination performance (water flux and
rejection) of PP membrane and graphene membrane (operation temperature: 60 °C). (c)
Comparison of flux reduction ratio between PP membrane and graphene membrane.
Membrane surface SEM images and water contact angles in air (inset) of (d) PP
membrane and (e) graphene membrane before and after separation operation (feed:
industrial petrochemical wastewater). 3D-EEM fluorescence spectra of (f) industrial
petrochemical wastewater and (g) permeate using graphene membrane. (h) Rejection

comparison of PP membrane and graphene membrane.
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