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Abstract. Two key factors limiting the industrial application of graphene oxide membranes are low water flux and
easy swelling in water during operation. In this study, a novel holey graphene oxide/methylene blue (HGO/MB)
composite membrane was prepared by vacuum filtration using a two-step method, including chemical etching
graphene oxide (GO) with H>O, to improve the water flux and then intercalating MB into HGO to limit the swelling
of GO membranes effectively. The composite membrane showed a higher pure water flux of 23.4 L/m?-h-bar, which
was improved about 6 times compared to GO membrane. The rejection rates of the membrane for NaSO4, methyl
orange (MO) and rthodamine B (Rh B) reached 83.2%, 93% and 97%, respectively. HGO/MB composite membrane
remained stability after 15 min of ultrasound treated because of the 7 - 7 conjugation and electrostatic interaction
between HGO and MB. This study demonstrated that the membranes prepared have effectively improved water flux
and stability without loss of rejection, which held great potential for water treatment applications.
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1. Introduction

Water pollution has been a serious problem with the exponential rise in population and
industrialization [1-6]. Membrane separation technology can solve this problem effectively due to
its advantages including energy saving, perfect selectivity, convenient operation, negligible
chemical reaction, and small impact on the environment 2016) [7-9]. In recent years, a variety of
two-dimensional nanomaterials such as molybdenum disulphide (MoS;) [10], silica (SiO2) [11],
metal-organic frameworks (MOFs) [12, 13], Carbon nanotubes (CNTs) [14], and MXene [15, 16]
have been used in the research and development of membrane separation technology with good
results. As a typical two-dimensional nanomaterial, GO [17, 19] has raised a lot of attention from
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researchers.

GO has a very great potential for the preparation of nanofiltration membranes with excellent
chemical stability, robust mechanical properties and large specific surface area [20-22]. Moreover,
GO is rich in oxygen-containing functional groups, such as epoxy groups(-O-), carboxyl(-COOH),
carbonyl(C=0), and hydroxyl(-OH), which endow the surface of GO hydrophilicity and
electronegativity as well as benefit modification of GO [23-25]. Nevertheless, the inherent
instability of GO membranes greatly hinders the practical use of GO membranes, which is caused
by various factors such as weak binding, hydration effect, and disordered accumulation of GO
nanosheets [26, 27].

Reduction or chemical cross-linking of GO can effectively enhance its stability in water [28],
but these methods have practical limitations, such as being time-consuming, non-scalable, difficult
to replicate, or all of the above [29, 10]. Recently, the intercalation by m-m conjugation and
electrostatic interaction has gained widespread attention for its simplicity and effectiveness [29,
30]. The GO-NG composite membrane (GNM) was prepared by intercalating N-doped graphene
(NG) into GO membranes (GOMs), which possesses an improved stability and a three times water
flux compared to unmodified graphene [31]. Using MB as a modifier, GO/MB composite
membrane was fabricated and remained stable for 55 h of continuous testing, but the water flux
need to be ameliorated urgently [29].

The high tortuosity of water flow through GO membranes is a significant contributor to their
low water flux. However, the introduction of in-plane nanopores on the GO nanosheets is a viable
and uncomplicated solution to alleviate this problem [32, 33]. HGO membranes were prepared by
holey GO, which increases the water flux by about four times compared to conventional GO
membranes while increasing the thickness [34]. As to other rHGO membranes fabricated by
reduced holey GO, the water flux increased significantly compared to that of rGO membranes
[35]. Therefore, in-plane nanopore generation on GO nanosheets is an effective method to improve
water flux.

Here, novel HGO/MB composite membranes were prepared by a two-step method, including
chemical etching of GO with H,O; to improve the water flux and then intercalating MB into HGO
to limit the swelling of GO membranes effectively. The results demonstrated that the HGO/MB
composite membranes prepared exhibited excellent water permeability, good rejection and high
stability and possessed potential application in water treatment.

2. Experimental

2.1 Materials

Graphite powder was purchased from Shandong Jinlilai Co. (China). H2O; (30 mass % in H20),
Na;S04(>99.0%), methylene blue(MB), rhodamine B(Rh B), methyl orange(MO), etc. were
purchased from Sinopharm Chemical Reagent Co. (China). All the materials and reagents were
used in their original form without any additional purification steps.

2.2 Methods

2.2.1 Preparation of HGO
GO was prepared from graphite with a modified Hummers’ method [32, 36]. HGO was
prepared by adding 5ml of 30% H»0, to 50mL 2mg/mL GO aqueous solution and then heated at
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Figure 1. Schematic illustration of the fabrication process of HGO/MB membrane

100°C for 3h under stirring. The reacted solution was cooled to room temperature and then
purified by dialysis to remove the residual H,O,. Finally, deionized water was added to form a
1Img/ml HGO water dispersion.

2.2.2 Preparation of HGO/MB composite membranes

100 mL of deionized water was added into 0.5 mL 1mg/ml HGO water dispersion, followed by
stirred well and ultra-sonicated for 5 min, which was marked as solution A. 0.05 g/L MB water
dispersion was prepared by dissolving 5 mg of MB into 100 mL of deionized water. Different
volumes (0O pL ,100 pL, 200 pL, 300 pL) of MB water dispersion were added into 100 ml of
deionized water and stirred vigorously for 1 min, and the obtained solutions were marked as
solution BO, B1, B2, B3 respectively. Solution B0-B3 was added to solution A with vigorous
stirring for more than 3 h to obtain the HGO/MB water dispersion. The water dispersion was then
vacuum filtered onto a microporous polyethersulfone(PES) membrane to prepare the HGO/MB
composite membrane. The HGO/MB membranes were called HGO, HGO/MB-100, HGO/MB-
200, and HGO/MB-300 based on the volume of the added MB water dispersion. GO membranes
were fabricated by vacuum filtration method for companion with HGO/MB membranes. The
fabrication process of HGO/MB membrane was shown in Fig. 1.

2.3 Characterizations

Pore size of HGO was analyzed by surface area and porosity analyzer (ASAP 2460,
Micromeritics Instrument (Shanghai Ltd.). Morphology of membranes were characterized by
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scanning electron microscopy (SEM, Gemini SEM7426, ZEISS, Germany). Membranes structure
was analyzed by Raman spectrometer (inVia, RENISHAW). UV-Vis absorption spectrometer
(UV-VIS, LAMBDA®950, PerkinElmer) was used to analyze interactions and detect the dye
concentration. The interlayer spacing of the membranes underwent X-ray diffraction testing (XRD,
D8 ADVANCE, BRUKER, Germany). A water contact angle (WCA, DSA30, KRUSSA,
Germany) measurement was carried out to assess the hydrophilicity of the membranes. The salt
concentrations were tested by sodium ion concentration meter (DWA-51, Hangzhou Qiwei
Instrument Co., Ltd.).

2.4 Membrane performance test

2.4.1 Permeance and rejection properties of the membranes

During the experiment, the water flux and rejection rate of the membranes were assessed using
a cross-flow device, with a membrane effective area of approximately 3.14 cm?. Dyes (Rh B and
MO, at a concentration of 50 mg/L) and salt solution (Na.SOs, at a concentration of 1000 ppm)
were employed to test rejection performance at 1 bar. The permeation J (L/m?-h-bar) and rejection
R (%) were calculated according to Eq. (1, 2) respectively:

\
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where V (L) is the volume of permeate water, A (m?) is the effective membrane area, At(h) is the
filtration time, and P (bar) is the pressure imposed on membrane surface. Cp and Cf are the
concentration of permeate and feed solution, respectively.

3. Results and discussion
3.1 Membrane characterization

A surface area and porosity analyzer was employed to measure the specific surface area and
pore size distribution of GO and HGO samples. N adsorption/desorption isotherms of all samples
were shown in Fig. 2(a). It is found that the specific surface area of HGO (37.005 m?/g) was higher
than that of GO (28.348 m?/g), which was ascribed to the existence of more nanopores in the basal
plane of HGO nanosheets [38, 39]. The pore size distributions of HGO and GO were show in Fig.
2(b). HGO exhibited more mesopores than GO and the pore size of HGO was concentrated in 1-3
nm. The results indicate that using H,O, oxidation is a useful approach for creating nanopores on
GO nanosheets, which can effectively reduce the tortuosity of water channels (Fig. 3) and improve
the water flux.

The SEM was employed to analyze the surface morphology of the membranes, which is
illustrated in Fig. 2(c, €). The increase of wrinkles on the surface of HGO membrane after
treatment with H202 was due to a large number of defects formed in GO during the reaction
process [33, 24]. After addition of MB, some defects of HGO were repaired, and HGO nanosheets
became more compact due to the n-w conjugation and electrostatic interaction between HGO and
MB, so the wrinkles were reduced [31, 40].
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Figure 2. (a) Nitrogen adsorption/desorption isotherms and (b) pore size distributions of HGO and GO. SEM
images of (c)GO membrane, (d)HGO membrane and (e) HGO / MB membrane
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Figure 3. Water transport routes in GO and HGO membranes

The microstructure of GO, HGO and HGO/MB membranes was further analyzed by Raman
spectra and showed in Fig. 4(a). It can be seen that there were two characteristic peaks,
corresponding to the D band and G band, respectively [41]. The D band is linked to the structural
defects and disordered arrangements of GO, whereas the G band is associated with in-plane
vibrations of sp2 hybridized carbon domains [32,35,37]. The degree of disorder and defects (such
as wrinkles, folds, pores, and edges) present on the GO nanosheet can be determined by evaluating
the intensity ratio of the D band to the G band (ID/IG) [24]. It was noteworthy ID/IG value of GO
was 0.76, while ID/IG value of HGO increased to 0.80 owing to the increase of defects in the
membrane by chemical etching. After MB was intercalated into HGO, ID/IG value decreased to
0.78 due to the reduced wrinkles. This was consistent with SEM analysis results.
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Figure 4. (a) Raman spectra of GO, HGO and HGO / MB membrane; (b) UV spectra of GO, HGO, HGO /
MB dispersion and MB; (c) XRD pattern of GO and HGO / MB membrane; (d) Water contact angle and
pure water flux of GO, HGO and HGO / MB membrane

UV spectra of GO, HGO, HGO / MB dispersion and MB were shown in Fig. 4(b). The MB
spectra showed the presence of two peaks at 608 nm and 662 nm, which subsequently underwent a
shift to 620 nm and 670 nm, respectively, upon mixing with HGO. The phenomenon was due to
HGO/MB monolayer adsorption and 7- conjugation between HGO and MB, respectively [42,43].
When the amount of MB was gradually increased, the peaks at 620 nm and 670 nm became more
and more obvious, showing that monolayer adsorption was increasing and m-m conjugation was
also enhancing, which was beneficial for enhancing membrane stability.

XRD was employed to investigate the d-spacing of the membranes, as shown in Fig. 4(c). The
membrane samples underwent a drying process before they were tested. GO membrane had a
typical peak of around 11° [29], which gradually and inconspicuously shifted to the right with
increasing MB content. When the volume of MB dispersion reached 300uL, the diffraction peak
moved to about 12°, which indicated that the introduction of MB reduced the d-spacing of the
membrane owing to ©-n conjugation and electrostatic interactions between HGO and MB [29, 4].

As shown in Fig. 4(d), to assess the hydrophilicity of the membranes, the WCA was measured.
The WCA of GO was 43°, while the WCA of HGO increased to 63° because of the reduced
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Figure. 5 (a) The water flux and rejection rate of Na2SO4; (b) Rejection rates of Rh B and MO

oxygen-containing functional groups of HGO after chemical etching [44, 39]. When a small
volume of MB (<=200uL) was added to HGO dispersion, the WCA of HGO/MB-200 decreased to
53° since the heterocyclic structure and charged groups of MB endowed MB with excellent water
solubility [29]. However, when the volume of MB increased to 300 pL, WCA of HGO/MB-300
increased to 60°, which was caused by two reasons. First, the m-n conjugation and electrostatic
interactions affected the benzene rings on either side of the heterocyclic structure, leading to a loss
of freedom in the heterocyclic structure [29, 42]. Second, the carboxyl group on GO selectively
interacted with MB through electrostatic interactions [29].

3.2 Membrane performance test

Fig. 5(a) showed the water flux and rejection rates of the GO, HGO and HGO/MB membranes
in Na,SO, salt solution tested by a cross-flow device. The water flux of HGO membrane was
45.12 L-m2-h"t-bar?, which was about 15 times of GO membrane. This was because that the large
number of in-plane nanopores on the HGO nanosheets reduced tortuosity and thus increased water
permeance [32]. The water flux of HGO/MB membrane gradually decreased and the Na;SOs
rejection rate gradually increased as the increasing MB addition, which was due to the decrease of
d-spacing of the membrane under the n-n conjugation and electrostatic effect and the repair of
some defects of HGO [29, 40, 30]. In addition, MB in the interlayer impeded the passage of water
molecules, which was also the reason for the decreased water flux [29]. At a MB volume of 100
uL, the Na,SOq rejection rate was 83.2%, and the water flux was about 7 times higher than that of
the GO membrane, measuring at 21.34 L/m?2-h-bar. HGO/MB composite membrane showed a
higher pure water flux of 23.4 L/m?-h-bar (Fig.4(d)), which was improved about 6 times compared
to GO membrane. Fig. 5(b) showed the rejection rates of Rh B and MO dyes by HGO and HGO/
MB membranes. The rejection rate of HGO/MB membrane for both dyes was above 93%, with the
highest rejection rate of 95.9% for MO and 98.9% for Rh B.

The stability of GO, HGO and HGO/MB membrane was observed by ultrasonic experiments as
shown in Fig. 6. The GO and HGO membrane started to decompose at 5min of ultrasound and
detached obviously after 15min. In contrast, HGO/MB membrane was almost unchanged in 0-15
min, which was mainly attributed to the n-m conjugation and electrostatic interactions that improved
the stability of the membrane.
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Figure 6. Stability of GO, HGO and HGO / MB membrane under ultrasound

4. Conclusions

We prepared HGO by chemical etching of GO with H,O», and the nanopores on HGO provided
additional transport channels to increase the water permeability. At the same time, MB was used to
intercalate HGO. Membrane swelling in water was inhibited by n-n conjugation and electrostatic
interactions between MB and HGO, so membrane stability and rejection performance were
improved. Na,SO4 rejection rate of HGO/MB composite membrane reached 83.2% while the water
flux (21.34 L/m-h-bar) was about 7 times higher than that of GO membrane. HGO/MB membrane
showed rejection rates above 93% for both dyes, Rh B and MO, with the highest rejection rate of
95.9% for MO and 98.9% for Rh B. Thus, this study demonstrated that the HGO/MB membranes
have effectively improved water flux and stability without loss of rejection, which held great
potential for water treatment applications.
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