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Abstract: The growing amount of oily wastewater caused by frequent oil spill accidents poses a severe threat to the
ecological environment. Therefore, the development of highly efficient oil/water separation methods is highly necessary.
This work reports the preparation of a nanocomposite membrane using graphene oxide (GO)/polyvinyl alcohol (PVA)
coated on steel meshes for oil/water mixture separation. PVA firmly anchors GO nanosheets onto the mesh surface
through strong hydrogen bonds using glutaraldehyde (GA) as a crosslinker. This nanocomposite membrane exhibited
superhydrophilic and underwater superoleophobic properties, with the highest oil contact angle of 158° due to its
highly rough structure. The synergistic effects of GO and PVA further improved the superhydrophilicity of the prepared
membrane, due to the hydrophilic nature of both GO and PVA. The separation efficiencies and water flux for a variety
of oil/water mixtures were above 97.8% and 6000.0 L m™ h™', respectively. The prepared membrane showed excellent
chemical resistance under harsh conditions without evident change in its surface wettability. Moreover, its underwater
superoleophobicity was maintained after 10 cycles of abrasion testing.
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1. Introduction

Oil pollution caused by industrial activities and frequent oil spill accidents has led to increased oily wastewater.
Therefore, the development of high-performance oil/water separation techniques is of great importance [1]. Among
various techniques such as skimming [2, 3], in situ burning [4, 5], flotation [6, 7], and adsorption [8, 9], membrane
filtrations with superwetting materials have received significant attention in the oil-water separation field [10-12].
The superwetting membranes for the oil/water mixture include superhydrophilic/underwater superoleophobic and
superhydrophobic/superoleophilic membranes [11, 13, 14]. These superwetting membranes were prepared by coating
various materials on porous two-dimensional meshes and fabrics, which can allow selective removal of one phase from
the other phase [15]. Superhydrophilic/underwater superoleophobic filtration materials inspired by fish scales in water
have been developed to overcome some drawbacks in superhydrophobic/superoleophilic materials, such as oil fouling
and pore blockage [16]. Most current methods for the preparation of underwater superoleophobic filtration materials are
inappropriate with respect to complexity, high cost, and poor stability.

Porous stainless steel mesh (SSL) features high permeability, good fouling resistance, mechanical strength, and low
cost, making it an ideal candidate as a substrate; its wettability could be changed by modifying surface chemistry [17,
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18]. So far, various types of materials, such as metal organic frameworks [19, 20], zeolites [21, 22], and graphene-based
materials [23, 24], have been coated onto meshes to produce superhydrophilic-underwater superoleophobic surfaces.

Based on Young’s theory [25], the hydrophilic surface in the air shows oleophobicity underwater, and the creation
of hierarchical rough structures amplifies hydrophilicity and underwater superoleophobicity. Graphene oxide (GO), as
an excellent hydrophilic carbon-based nanomaterial, can be an ideal candidate for the construction of various underwater
superoleophobic surfaces [26-29]. The existence of various oxygen functional groups (e.g., hydroxyl, carboxylic, and
epoxide) on the surface of GO sheets makes them hydrophilic and facilitates their interaction with various kinds of
materials [30]. However, the stability of the GO-modified mesh membranes remains a challenge, so this problem limits
their widespread applications. The GO film can be easily detached during the separation process, resulting in the gradual
reduction of underwater superoleophobic properties. Directly coating GO onto the mesh surface without any chemical
reaction leads to detachment from the surface [26, 31].

Therefore, the development of new strategies for the preparation of robust and stable underwater superoleophobic
membranes is of great significance. The successful coating of GO on the surface of SSL has been reported elsewhere
[28, 29]. Dai et al. [32] prepared a hybrid mesh-based membrane with underwater superoleophobic properties via a
layer-by-layer assembly method using CaCO; and GO as building blocks. Jaleh et al. [33] reported the preparation of
a superhydrophobic membrane by anodic electrophoretic deposition of GO on steel mesh. After GO deposition, low-
temperature thermal annealing was used to reduce GO by decomposing oxygen-containing groups to change it into a
superhydrophobic surface.

GO can create various nanocomposites with polymeric materials, increasing the mechanical strength and
stability of the membrane [34, 35]. Modification of the membrane with hydrophilic polymeric materials also leads
to improvements in membrane fouling resistance and permeability. Yin et al. [36] reported facile fabrication of
nanocomposite membranes using GO/polydopamie (PDA) on the surface of steel mesh. PDA contains abundant
catechol, hydroxyl, and amine functional groups, which can improve hydrophilicity and the binding force between GO
and steel mesh.

In this study, a superwetting membrane was fabricated by creating a GO/polyvinyl alcohol (PVA) composite
on the surface of SSL. One of the issues is that SSL has a rigid and inflexible structure, so tightly assembling
nanocomposite onto the surface mesh is very difficult. A PVA polymer was used to fix the GO film on the SSL surface
using glutaraldehyde (GA) as a crosslinking reagent. It mainly contains abundant hydroxyl functional groups, which
can improve the hydrophilicity and water flux in comparison with a pristine membrane. In spite of some crosslinking
methods like sol-gel, which result in crackable and non-uniform coatings [37], the mentioned crosslinking method
forms a uniform and stable hydrophilic coating on the mesh surface. To the best of our knowledge, the GO/PVA
nanocomposite membrane on the surface of SSL has not been applied for oil-water separation.

The modified SSL showed excellent underwater superoleophobicity due to the strong bonding of GO nanosheets
on its surface. The resultant mesh also exhibited good stability in harsh conditions without a significant reduction
in underwater oleophobicity. Due to the synergistic effects between GO and PVA, the proposed membrane can be
efficiently used for oil and water separation.

2. Experimental section
2.1 Materials
Graphite powder (<0.1 mm, >95%) from Fluka, potassium permanganate (KMnQO,, 99%) from BDH, sulfuric acid

(H,SO,, 95%), sodium nitrate (NaNO;, 99%), barium chloride (BaCl,, 99%), silver nitrate (AbNO;, 99.5%), hydrofluoric
acid (HF, 40%), PVA, and GA (50 wt%) were obtained from Merck. All organic liquids were provided by Mojallali.

2.2 Characterization

The morphological properties of the meshes before and after modification were examined by scanning electron
microscopy (SEM; Model LEO 1450VP) images. In order to analyze the structural properties of the nanocomposite
membrane, the Fourier-transform infrared (FT-IR) spectra of the meshes were recorded using a Thermo Nicolet Avatar
370 FT-IR Spectrometer. The wetting properties of the meshes were measured by an optical contact angle instrument
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equipped with a CCD camera by dropping a few microliters of oil onto the mesh surface.

2.3 Membrane preparation

GO was synthesized via modified Hummers’ method [8]. Briefly, GO was dispersed in deionized water for 20
minutes at room temperature. Then, 10 wt% PVA was prepared in DI water with gradual heating until totally dissolving
in hot water. SSLs (200 mesh) were cut into strips and washed by ultrapure water. Then, the clean SSL was contacted
with a pure HF solution to create an active surface. The activated SSL was dipped in the PVA solution and then it was
dried. To complete the crosslinking reaction, the PVA-coated SSL was placed in a 2.0 wt% GA solution (HCI as the
catalyst) for a couple of minutes [38]. Then, the PVA-coated mesh was dipped in a 0.5 mg/mL GO suspension, and then
it was dried.

2.4 Membrane preparation

The oil-water separation was conducted by immobilizing the prepared membrane between two plastic tubes (20
mm in inner diameter). Before each separation, the membranes were wetted with distilled water. Then, a 1:2 volume
ratio of the oil/water mixture was slowly poured onto the membrane and permeated by gravity-driven force until
complete separation. The separation efficiency (%#) and water flux (¥,) of the prepared membrane were calculated as
follows, respectively [29]:

% :%xloo (1
0
VW
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where M, and M are the masses of water before and after filtration, respectively. V', S, and T are the total volume of
penetrating water (L), the operative membrane area (m’), and the process time (h), respectively.

3. Results and discussion
3.1 Preparation and characterization

The process of preparing GO/PVA-coated meshes is shown in Figure 1(a). After hydroxylation of SSL with HF
solution, PVA polymer interacts with -OH of SSL via H-bond. Then, GA, as a crosslinking agent, interacts with the
hydroxyl groups of PVA molecules and binds GO nanosheets on the surface of SSL [38]. Several oxygen-containing
groups in GO easily interact with the cross-linked membrane. Herein, GO has an important role in enhancing
hydrophilicity and surface roughness. PVA has excellent hydrophilicity and oil repellence properties. Hydrophilic GO/
PVA nanocomposite on the surface of the membrane further enhances surface roughness and underwater oleophobicity
in the hybrid membrane. Chemically cross-linked membranes showed improved stability due to strong interactions. The
photographs of the pure and coated meshes are presented in Figure 1(b), which indicates the color change of the pure
mesh after coating with GO/PVA nanocomposite.
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Figure 1. (a) The process of preparing GO/PVA-coated mesh; (b) photographic images of the pure (SSL) and coated (SSL/GO-PVA) meshes

The surface modification of SSL using the GO/PVA composite was verified by SEM. Figure 2(a,-a;) shows the
smooth surface of the pure SSL with a pore diameter of about 50 um. After modification, the GO/PVA composite is
fully covered in the surface of SSL and blocks the pores, as shown in Figure 2(b,-b;). The tiny pores on the coated SSL
allow water to penetrate. It can be seen that GO/PVA composites are firmly stacked on the SSL surface as a nanoscale
structure.

20 um- ¢

Figure 2. SEM images of (al-a3) pure mesh and (b1-b3) GO/PVA-coated mesh

The FT-IR spectra of the pure and coated meshes are shown in Figure 3. After coating SSL, both characteristic
bands of SSL and the GO/PVA composite were observed. Several characteristic bands located at 3,405, 2,942, 1,280,
and 1,093 cm™' correspond to -OH, C-H, C-O, and C-C stretching vibrations in the GO/PVA composite, respectively.
The -OH stretching at 3,437 cm™ in pure SSL and GO shifted to 3,405 cm™ after modification, indicating the strong
hydrogen bond between SSL and PVA, which also confirmed the incorporation of GO in the polymer matrix and the
formation of a hydrogen bond between GO and PVA. A characteristic band at 1,720 cm is attributed to aldehyde groups
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in GO and GA. In the GO/PVA spectrum, the intensities of all the absorption bands correlated to the oxygen-containing
groups increased.
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Figure 3. FTIR spectra of pure (SSL), GO, PVA, and SSL/GO-PVA

3.2 The wettability of the pure and coated mesh

The wetting properties of the pure and coated mesh were evaluated by dropping water and oil on the surface of
the SSL and contact angle (CA) measurements. Both water and oil can penetrate through the pure mesh. As shown in
Figure 4(a) and (b), an oil droplet on the pure mesh surface under water quickly spreads and permeates with CA of
about 0°, while it remains spherical on the coated mesh surface, indicating the underwater oleophobic property of the
coated mesh. The underwater oil CAs on the GO/PVA-coated meshes for different types of organic solvents are shown
in Figure 4(c). Figure 4(c) shows that the underwater oil CAs for all types of organic solvents are about 150°. The
underwater oil CAs of dichloromethane, toluene, and chloroform are 158°, 145°, and 151°, whereas the underwater oil
CA of diesel is only 143°. These differences in oil CAs are possibly due to the variances in surface tension and intrinsic
polarity of different types of oils [39].

The strong underwater superoleophobicity of the hybrid mesh is attributed to abundant oxygen-containing groups
on the GO nanosheets, which can efficiently enhance the hydrophilicity so that a water layer can be trapped into the
rough structures through hydrogen bonds, which avoid contacting oil with the surface of the mesh [40]. Therefore, the
GO/PVA nanocomposite membrane shows excellent superhydrophilicity and underwater superoleophobicity.

In addition, the high underwater superoleophobicity of the coated mesh can be described by the Cassie model,
as shown in Figure 4(d) [41]. When an oil droplet was preloaded on the mesh, it was easily detached from the mesh
surface and maintained its spherical shape with no adhesion to the SSL surface (see Figure 4(e)). The results indicated
the strong repellency of the coated mesh to oils.
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Figure 4. Surface wettability of the (a) pure and (b) coated mesh in water using a chloroform droplet; (c) the underwater oil CAs for GO/PVA
nanocomposite membrane in various organic solvents; (d) a schematic of an oil droplet on a hierarchical structure (Cassie state); (e) the process of
preloading and departing an oil droplet on the surface of the nanocomposite membrane

Jiang et al.’s model describes the underwater oil CA of a droplet on the solid surface by the following equation [42]:

ya—a COSHI — yw—a cos 92
}/O*VV

cosd, =

where 6,, 6,, and 6, are the oil CA in air, the water CA in air, and the oil CA in water, respectively. y,.,, 7,.., and y,, are
the oil/air, water/air, and oil/water interface tensions. Generally, the values of y,, are in the range of 20 to 30 mN m"
and y,_, is 73 mN m"' [43]. Since 6, is usually near 0°, decreasing 6, results in a larger 6;; in other words, an increase
in the hydrophilicity of the substrate leads to an enhancement in underwater oleophobicity. In this work, by coating a
hydrophilic GO film on the mesh surface, 8, decreases, thus the underwater oil CAs () increase.

3.3 Oil/water separation experiment

The oil/water mixture separation performance of the GO/PVA mesh was examined by passing the oil-water
mixture onto the mesh placed between two tubes. Due to its superhydrophilicity, water quickly passed through the
membrane by gravity with a high water flux, and the oil was trapped on the membrane surface regarding its underwater
superoleophobic property (Figure 5(a)). No visible red-colored oil was detected in the collected water, confirming the
superior separation efficiency of the coated mesh. The separation efficiencies and water flux for various types of oil/
water mixtures are shown in Figure 5(b). The separation efficiencies and water flux for all mixtures are higher than
97.8% and 6000.0 L m* h™, respectively.

In gravity-driven oil/water mixture separation, intrusion pressure plays an important role. The intrusion pressure
was measured to determine the liquid-holding capacity of the nanocomposite membrane. For this purpose, selected oil is
continuously added to the membrane until its pressure reaches a threshold such that the oil begins to permeate through
the membrane pores. The oil intrusion pressure (P) was obtained by the following equation [27]:
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P = poilghmax (4)

where, p,; is the oil density (kg/m’), g is the acceleration of gravity (9.80 m/s’), and #,,,, is the maximum oil height
that the mesh can withstand (m), respectively. The 4, for toluene was obtained at about 13.1 cm with an oil intrusion
pressure of 1.11 kPa, indicating efficient separation of the oil/water mixture using a GO/PVA nanocomposite membrane.
The recyclability of the GO/PVA nanocomposite membrane was evaluated by performing the experiment in a
chloroform/water mixture for 20 cycles (Figure 5(c)). The separation efficiencies of the proposed membrane for the
chloroform/water mixture were above 97.0% without obvious decay after 20 cycles. The high separation efficiency can
be due to the mutual effects of micro- and nanostructuring on the membrane surface and the high hydrophilicity of the
nanocomposite membrane, which is comparable to or even superior to some reported studies [28, 44, 45].
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Figure 5. (a) The oil/water mixture separation; (b) the separation efficiency (right) and water flux (left) for various kinds of oil/water mixture; (c) the
recyclability test of the GO/PVA nanocomposite membrane for chloroform/water mixture

3.4 Stability test

In practical industrial applications, the separation of oil/water mixture is often implemented in various harsh
environments. Therefore, the chemical stability of the GO/PVA nanocomposite membrane was estimated in various
harsh environments, including basic, acidic, or saline solutions, by measuring the oil CAs. The underwater oil CAs
were measured after immersion in 1 M HCI, 1 M NaOH, and a 10% NaCl solution for 48 h. As shown in Figure 6, the
underwater oil CAs of a chloroform droplet on the membrane surface under different harsh conditions are more than
145°, implying excellent chemical stability of the coated membrane.

Additionally, the stability of the nanocomposite membrane was evaluated by an abrasion resistance test. The
experiment was studied by dragging a coated mesh onto 1,500 mesh sandpaper under a weight of 100 g and 20 cm of
pulling back and forth for 10 cycles. After each cycle, the oil CAs were measured. As shown in Figure 6(b), oil CA
changes in an oil droplet are insignificant after 10 abrasion cycles, indicating good abrasion resistance and high stability
of the nanocomposite membrane. The high stability of the nanocomposite membrane can be attributed to the strong
crosslinking effect induced by PVA polymers and GA.
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Figure 6. (a) The variation in the underwater oil CAs for the GO/PVA nanocomposite membrane in different harsh conditions; (b) the oil CAs of an
oil droplet for ten abrasion cycles

4. Conclusion

The GO/PVA nanocomposite membrane was prepared via a cross-linking reaction. The hierarchical rough
structure and hydrophilic nature of the GO/PVA nanocomposite resulted in the superwetting membrane. The as-
prepared membrane can effectively separate a variety of oil/water mixtures with separation efficiency and water flux
above 97.8% and 6000.0 L m > h™', respectively. The oil intrusion pressure was 1.1 kPa, indicating the highly efficient
oil/water separation capability of the nanocomposite membrane. In addition, the GO/PVA nanocomposite membrane
showed good recyclability after 20 cycles and high stability in acidic, basic, and saline solutions. The results also
showed the high abrasion resistance of the prepared membrane after 10 cycles. Due to the outstanding properties of
the prepared membrane, such as its simple preparation technique and chemical stability, this membrane might be used
in real environments with harsh conditions. It should be noted that real samples might have higher densities of oil than
those used in our experiments. Given that superoleophobic membranes are more suitable for light oil-water separation,
much effort needs to be allocated to the development of new materials that are also appropriate for the separation of
high-density oils. Considering the properties of GO, the development of novel composite materials using GO leads to
improvements in the field of water purification.
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