PREPARATION AND CHARACTERIZATION OF IMPROVED HYDROPHILIC POLYETHERSULFONE/REDUCED 
GRAPHENE OXIDE MEMBRANE

(Penyediaan dan Pencirian Penambahkaikan Hidrofilik Membran 
Polietersulfon/Grafin Oksida Terturun)

Madzlan Aziz1*, Nur Fatihah Tajul Arifin2, Woei-Jye Lau1

1Advanced Membrane Technology Centre, 
2Department of Chemistry, 
Faculty of Science, Universiti Teknologi Malaysia, 
81310 Johor Bahru, Johor, Malaysia

*Corresponding author: madzlan@utm.my  

Abstract
Polyethersulfone (PES)/reduced graphene oxide (rGO) membrane was prepared by phase inversion method for water treatment. Graphene oxide (GO) was obtained via modified Hummer’s method and reduced to rGO where NaBH4 was chosen as a reducing agent. FTIR was used to investigate functional groups left on rGO after reduction process. The FTIR peak at 1718 cm-1, attributed to the carbonyl (C=O) group, was absent after GO was reduced. Interlayer spacing of GO and rGO were obtained using XRD. It was found that the interlayer spacing of GO was reduced from 7.87 to 3.68 Å after reduction process due to the removal of some of the functional groups from the material. The membrane cross section showed that addition rGO increase the length of finger-like pores as compared to neat PES when it is observed under SEM. It was observed that the membrane hydrophilicity is enhanced as the contact angle of PES reduced from 69.70o to 32.99o when rGO 24 hours was introduced into the polymer matrix. The highest pure water flux obtained was 174.29 L/m2h. The membranes showed significant enhancement when rGO was used in the polymer matrix.

Keyword: polyethersulfone, phase inversion method, modified Hummer’s method, reduced graphene oxide

Abstrak
Membran polietersufon (PES)/grafin oksida terturun (rGO) telah dihasilkan melalui kaedah fasa terbalik untuk rawatan air. Grafin oksida (GO) dihasilkan menerusi kaedah Hummer terubahsuai dan diturunkan kepada rGO menggunakan NaBH4 sebagai ejen penurunan. FTIR digunakan untuk menyiasat kumpulan berfungsi yang hadir pada rGO selepas proses penurunan. Puncak FTIR pada 1718 cm-1 yang menunjukkan kumpulan karbonil (C=O) tidak hadir selepas GO terturun. Jarak antara lapisan GO dan rGO telah dikaji menggunakan XRD. Didapati jarak antara lapisan GO berkurang daripada 7.87 Å ke 3.68 Å selepas proses penurunan kerana sebilangan kumpulan berfungsi telah terkeluar dari bahan. Keratan rentas membran menunjukkan bahawa penambahan rGO meningkatkan panjang liang seperti jejari berbanding PES asli apabila dilihat menggunakan SEM. Didapati bahawa sifat hidrofilik membran telah dipertingkatkan kerana sudut sentuh air PES telah berkurang dari 69.70o kepada 32.99o apabila rGO 24 jam ditambah ke dalam matriks polimer. Bacaan fluks air tulen tertinggi ialah 174.29 L/m2h. Membran menunjukkan perubahan ketara apabila rGO digunakan di dalam matriks polimer. 
 
Kata kunci: polietersulfon, kaedah fasa terbalik, kaedah Hummer terubahsuai, grafin oksida terturun

Introduction
Recently, study has claimed that polyethersulfone (PES) has great membrane-forming and excellent physicochemical properties which lead it to be used widely as a membrane in water treatment [1] such as in microfiltration, ultrafiltration and nanofiltration [2]. PES is a thermally stable and has excellent mechanical and chemical properties [3]. However, PES suffers from fouling due to its’ hydrophobic characteristics [3] that will affect the performance of the membrane [4]. Thus, it is suggested that PES to undergo several modification to overcome the fouling problem such as blending with amphiphilic polymer [1], blending with hydrophilic polymers [5], grafting with hydrophilic monomer or blending with inorganic nanoparticles [4]. However, study stated that blending with hydrophilic material is one of the most promising method to enhance the properties of PES [6].

Graphene and its’ derivatives received a lot of attentions in many fields which includes electronics, mechanics and water treatment [7]. This is because of its high surface area [4], excellent electrical and thermal conductivity as well as outstanding mechanical properties [8]. By forming interfacial bonding with polymer matrix, graphene promises that it can improve the physicochemical properties of polymers [9]. Nevertheless, pristine graphene is found to agglomerate during the formation process of homogeneous composites. Therefore, it is suggested that graphene need to undergo several modifications to overcome this problem [10]. For instance, graphene oxide (GO) which can be formed via modified Hummer’s method is the most favorable material to be added into the polymer matrix as it can improve the membrane performance [4]. Besides that, GO/polymer composites able to improve the mechanical strength of the polymer [11]. 

For instance, study conducted by Lee and colleague [12] shows that addition of GO in polysulfone (PSf) able to improve the mechanical strength and hydrophilicity of the membrane. Besides that, Jin and coworkers [13] claimed that addition of GO increased the porosity of the membrane because large pores were observed. In addition, the mechanical strength and thermal stability become better. GO also able to form a good miscibility with PES and enhanced the hydrophilicity as the contact angle reduced from 70.8° (neat PES) to 58.4° (GO/PES). Based on the literature review, there are many studies that have been conducted using GO. However, reports on reduced graphene oxide (rGO) in polymer membrane is still very few. Through reduction process, some of the functional groups will be eliminated [14]. rGO (Figure 1) can form interaction with polymer and improve the performance of the membrane as there are still oxygen functional group left after reduction process [15]. Therefore, the objective in study is to prepare rGO/PES composite membrane and to analyze the effect of addition of rGO towards the membrane hydrophilicity.
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Figure 1. Chemical reaction of graphite to rGO [16]



	
Study area 
PES was chosen as a polymer host because it is used extensively in water treatment [17]. To reduce GO, NaBH4 was chosen as a reductant because it is a strong reducing agent [18] and environmental friendly [19]. This research will include the effect of reduction time towards GO and its compatibility with polymer composites. Firstly, the GO was obtained by oxidation of graphite via modified Hummer’s method. Then, it was reduced through chemical reduction method. The reduction time was in the range of 8 – 32 hours to elucidate the effect of reduction time on GO. Then, it was mixed with PES to study the compatibility with polymer composites. ATR-FTIR was used to study the functional groups that exist on the surface of rGO. The morphology of the GO and rGO were characterized using FESEM. Interlayer spacing of GO and rGO were studied using XRD. Meanwhile, contact angle was used to investigate the hydrophilicity of the membrane. On the other hand, SEM was chosen to observe the membrane cross-section and a cross-flow filtration system was used to evaluate the water flux. 

Materials and Methods
GO was produced via modified Hummer’s method. An amount of 4 g graphite powder was added into 100 mL of concentrated H2SO4 and followed by the slowly addition of 4 g of NaNO3. This was then followed by a slow addition of 12 g of KMnO4 under stirring condition and the temperature of the mixture was maintained below 10 °C in ice bath. The mixture was stirred at 35 °C for 30 minutes before 100 mL of deionized water was added to the mixture and a yellowish brown solution was formed. The mixture was stirred again for 30 minutes at 95 °C. Lastly, 600 mL of distilled water, 20 mL of 30 % H2O2 aqueous solution and 100 mL of 10 wt.% HCl were added after bright yellow color with bubbles appeared in the solution. The mixture was centrifuged and washed with deionized water to expel metal ion and acid until neutral pH was obtained. GO film that produced was dried in an oven for 12 hours at 60 °C [20]. To obtain rGO, GO was reduced using sodium borohydride (NaBH4) via chemical reduction. Firstly, 0.8 g of GO was sonicated in 50 mL of water for 30 minutes. NaBH4 solution was prepared and the pH value was adjusted with NaOH to pH 12 to prevent any occurring hydrolysis. After half an hour, NaBH4 solution was added drop-wise into GO solution and the solution was heated at 80 °C for 8 hours with continuous stirring. After finishing hours, the mixture was filtered out via vacuum filtration and washed with EtOH and distilled water for several times. The product was dried in an oven at 70 °C for 24 hours to obtain reduced graphene oxide. The procedure was repeated with different reduction time (8, 16, 24 and 32 hours) [21].

Membrane was casted by using phase inversion method. PES (20 wt.%) and PVP (1%) were dispersed in NMP at 60 °C for 24 hours to obtain homogeneous solution. rGO-8h (0.5 wt.%) was dispersed and sonicated in NMP for 30 minutes. Then, with the aid of continuous stirring the solution was mixed together for 24 hours at 60 °C. After that, the mixture was casted on a clean glass plate. The glass plate was immersed into non-solvent (water) bath [11]. It was left until the phase inversion method is completed which is after the membrane get separated from glass plate. Finally, the membrane was peeled and washed. The membrane was dried at room temperature for 24 hours [4]. The method was repeated with GO, rGO-16h, rGO-24h, and rGO-32h.

Results and Discussion
Figure 2 shows the FT-IR spectrum of GO and rGO. Figure 2(a) shows that there are peaks around 3195 cm-1 and 1718 cm-1 which indicates that hydroxyl (-OH) and carbonyl (C=O) groups exist on the surface of GO respectively. Intense peak at 1620 cm-1 shows bending mode of water molecules. Epoxy group exist on GO as there is peak at 1224 cm-1 and vanishes during the reduction process [22]. Besides that, some of the oxygenated functional groups have been removed from the surface of GO through the reduction process [23]. When GO is reduced, it is clearly shown that there are no peaks can be found at 1718 cm-1 which indicates the C=O groups have been eliminated. Figure 2(e) indicates that there is C-H asymmetric stretching vibration mode (2919 cm-1) when GO is reduced for 8 hours [24]. Supposedly, as GO is being reduced many of –OH groups have been reduced. However, the –OH peak became more intense and this might be due to the fact that NaBH4 reduction would form residual hydroxyl functional groups when GO is reduced for 32 hours (Figure 2(b)) [25]. Overall, peak in the range of 1300 – 1450 cm-1 indicates tertiary alcohol bending [22]. Meanwhile, peak around 1636 – 2655 cm-1 shows the deformation vibration of –OH groups [24].

	


	
Figure 2 FT-IR spectrum of (a) GO (b) rGO-32h (c) rGO-24 h (d) rGO-16 h (e) rGO-8h



Figure 3 shows the XRD spectrum of (a) graphene oxide and (b) reduced graphene oxide. Based on Figure 3(a) it shows that there is an intense peak on 2θ = 11.23O which corresponds to the diffraction of GO plane (002). On the other hand, rGO (b) with index number of (002) indicates a broad spectrum at 2θ = 24.16O. From this result, the interlayer spacing of GO and rGO are calculated by using Bragg’s Law,  where 𝜆 is the wavelength of the X-ray beam, d is the interlayer spacing, and θ is the diffraction angle. It is found that the interlayer spacing of GO is 7.87 Å. This result may be explained by the fact that, expansion on graphene oxide occurred as oxygen functional groups attached on the surface of the material [15, 26]. Besides that, the oxidation process has broken the π-π van der Waals bond between the lamella thus increasing the interlayer spacing [27]. Meanwhile, the interlayer spacing of rGO is 3.68 Å because most of the functional groups are removed during the reduction process [25].
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Figure 3 XRD spectrum of (a) graphene oxide (b) reduced graphene oxide



Figure 4 shows the morphology of GO and rGO. Based on Figure 4 (a), GO exhibits wrinkles on its surface of [27,28]. The wrinkles will contribute to the conducting characteristics. Furthermore, the formation of the wrinkles and crumples like structure might be due to the existence of H2O molecules and hydroxyl or carboxyl groups [30]. In addition, the formation of wrinkles on the surface of GO means that the sp2-hybridized structure of the stacked graphene sheets has broken up [8]. Figure 4 (b – e) shows that the surface of rGO are rougher and aggregated in disordered solid than GO. These results are likely to be related to the aggregation of rGO due to the strong van der Waals forces [29]. 
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Figure 4. Morphology of (a) GO (b) rGO-8h (c) rGO-16h (d) rGO-24h (e) rGO-32h under 10000x magnification
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Figure 5. The cross section of (a) PES (b) PES/GO (C) PES/rGO-8h (d) PES/rGO-16h (e) PES/rGO 24h and (f) PES/rGO-32h membrane
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Figure 6. Comparison of (a) top (b) bottom surface of PES/GO membrane



Table 1. Contact angle of the membrane
[bookmark: _GoBack]
	Membrane
	PES
	PES/GO
	PES/rGO 
8 h
	PES/rGO 
16 h
	PES/rGO 
24 h
	PES/rGO 
32 h

	Contact angle (°C)
	69.70
	64.45
	34.84
	34.20
	32.99
	55.05


The membrane cross section (Figure 5) shows a typical structure where it contain asymmetric porous structure with a dense skin top-layer followed by a finger-like porous sub-layer [4]. The cross section shows that the finger-like pore does not contain any trace of GO inside the membrane. Even as this happened, it does not mean that the nanomaterials are absent in the polymer matrix. This is because, the size of the nanomaterial is small and is not visible when it is observed using SEM [31]. The finger-like porous sub-layer increased when 0.5% GO (Figure 5(b)) was added into the membrane. This is because, the hydrophilic characteristic of GO leads to fast exchange of solvent and non-solvent during the phase inversion process which leads to extended porosity. GO is also able to induce pores on the skin top layer. After the addition of 0.5 % rGO, denser pore can be observed. Interestingly, as the reduction time of GO increased the pore density increased. However, the finger-like pores of the membranes are connected continuously with the finger-like sublayer [11]. 
The membrane contact angle reveals that the hydrophilicity greatly improves when rGO is used. The hydrophobic nature of rGO can interact well with hydrophobic PES. It can therefore be assumed that the addition of rGO improved the hydrophilicity of the membrane [32]. During the phase inversion process rGO migrates to the surface of the mixed matrix membranes in order to decrease the interfacial energy [4, 33]. However, when rGO is reduced for 32 h there is no significant decrease in the contact angle, it increases instead. This can be explained by the fact that significant amount of  oxygen functional groups have been eliminated during the reduction process [34]. Therefore, the contact angle increases from 32.99o to 55.05o (Table 1). 
Nevertheless, in this study the pure water flux does not rely on the membrane contact angle. As illustrated in Table 1, even though the membrane contact angle of PES/GO is 64.45o but it shows the highest flux, 174.29 L/m2h (Figure 7). With the addition of GO, the material gathered on the surface of the membrane due to hydrophilic functional groups, like hydroxyl (Figure 6) [13]. These results are in line with previous study conducted by Chai and colleague where they stated that the value of flux increases because of bigger pore size, enhancement of porosity as well as improvement in hydrophilicity [31]. Meanwhile, 40.71 L/m2h is the lowest flux achieved as the rGO was reduced at 32 h. This may be due to blocking effect by the rGO particles. As the reduction time increased, a large amount of oxygen functional groups was eliminated which caused the rGO to be difficult to be dispersed in the polymer solution. This is because, GO and rGO possessed contrast characteristics especially in terms of dispersion. GO has a well dispersion in many solvents which includes water and alcohol due to the strong electrostatic repulsion between single layers. In contrast, because of π – π stacking rGO is likely to agglomerate in solution which greatly limits the concentration of single layer solutions [34]. Thus, it blocked the membrane’s surface and decreased the pure water flux as well as hydrophilicity. 
	

	Figure 7. Pure water flux at 1 bar



Conclusion
The GO and rGO were prepared by using modified Hummer’s method and chemical reduction respectively. The result showed that the carbonyl functional groups were removed after reduction process. The removal of functional groups on rGO was further confirmed using XRD as the result showed that the interlayer spacing decreased. The morphology of GO revealed that wrinkles were formed on the surface while rGO have a rougher surface due to the aggregation. The cross section of the membrane showed that all the membranes have porous structure. The contact angle of showed great improvement when rGO were introduced into the polymer matrix. Hence, due to more porous structure and increase in hydrophilicity PES/GO membrane exhibit a higher pure water flux. 
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