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ABSTRACT  

In this study, we reported the preparation of the reverse osmosis (RO) thin film composite 
(TFC) membrane of graphene oxide (GO) nanosheets incorporated in poly (imide) layer via interfacial 
polymerization. The impact of GO nanosheets on the ultra-thin poly (imide layer’s morphology, 
chemistry and the ability to desalinate salty water were investigated. The effect of feed concentration, 
operating temperature, operating pressure and filtration time on the membrane desalination 
performance was also studied. The nanosheets of GO were found to be well distributed across the 
composite membranes, resulting in improved hydrophilicity. For 0.06 wt. % of GO membrane, the 
water flux is 20.2 l/m2/hr and salt rejection is   98.9 %. The fabricated RO TFC membranes blended 
with GO nanosheets shows high stability for desalination under high temperature and pressure 
condition. This high separation efficiency combined with the GO-PI membrane’s high stability and 
easy manufacturing road indicates that the GO membrane produced is a promising candidate for water 
desalination. 

 
Keywords: RO membrane; desalination; thin film composite membrane; GO nanosheets; polyimide 

membrane.  

 
Introduction 

The scarcity of freshwater supplies has already become a worldwide problem due to the 
increase in water demand and aggravation of water pollution. Significant attempts have recently been 
made to produce drinking water from salt water, including seawater and desalination of brackish 
water (Ganesh, Isloor, and Ismail 2013). Large energy requirements and high capital costs, however, 
are two critical factors that restrict desalination growth. Reverse osmosis (RO) was commonly used in 
commercial applications relative to other desalination methods (Li and Wang, 2010). 

Usually the thin film composite (TFC) used in NF or in RO consist of an ultra-thin selective 
layer supported on a dense, porous and non-selective macro-porous layer (Petersen 1993). Permeation 
across the TFC membranes occurs through interconnected sub-nanometer pores between the polymer 
matrix macro-molecular chains, the density of which depends on the degree of cross-linking and the 
free volume between the macromolecular chains. Therefore, the performance of commercial TFC 
membranes is limited due to the operational interaction between enhancing water permeability and 
salt across the selective layer (Geise et al., 2011) and membrane fouling. Routes to increase water 
permeability without compromising selectivity have been recently been explored by altering the 
chemistry or morphology of the active layer of TFC membranes. This resulted in reduced energy 
footprint, improved performance and the design of desalination membranes powered by next-
generation pressure. 

Previously, the introduction of inorganic nanoparticles into NF or RO semipermeable 
membranes has been shown to enhance water permeation due to increased hydrophilicity, 
improvements in free volume across materials preventing the spread of hydrated ions, increase the 
thermal stability, solvent resistance, lifetime and anti-bacterial activity (Huang et al. 2006; Lee, 
Arnot, and Mattia 2011).  

Studies on the use of graphene based membranes for water purification have been recently 
attracted a great deal of interest in fulfilling the desire for new membrane materials (Cohen-Tanugi 
and Grossman 2012, 2014; Sun et al., 2016).   Graphene oxide (GO), a recent interesting material 
with an ultra-thin two-dimensional structure and an abundance of oxygen- containing groups, has 
shown exceptional water permeability (Joshi et al. 2014; Nair et al. 2012). 
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Our route used to produce graphene- based membranes which showed potential application for 
nanofiltration where water molecules would permeate across the polymer matrix between graphene 
nanosheets (Mi 2014) .  

The chemical interactions between graphene nanomaterials, mainly based on van der Walls 
interactions, make GO and pure graphene-based assemblies fairly and hydration-sensitive (Dumée et 
al. 2013; Hu and Mi 2013). These drawbacks can be resolved by intercalating well-dispersed 
nanosheets of graphene a cross a polymer matrix to facilitate water transport and increase membrane 
efficiency (Mishra and Ramaprabhu 2011) . This method has been demonstrated for a variety of 
membrane structures, including porous ultrafiltration membranes (Zhao et al. 2013), pervaporation 
(Wang et al. 2012), semi-permeable nano0filtration and gas separation (Liu et al. 2013) applications. 
Such modern membranes have improved pore structure, increased hydrophilicity and increased water 
permeation, opening the way to advanced graphene-enhanced membranes for pressure-driven 
separation. 

In this paper, the effect of GO nanosheets on the performance of poly(imide) RO  TFC 
membrane was first explored. During interfacial polymerization, GO nanosheets integrated into the 
poly(imide) thin film to form a novel nanocomposite membranes. During pressure-driven operation, 
the GO-poly(imide) composite membrane provide much improved liquid permeation  compared to 
pure PI membrane (GO-PI-0) due to the increased water transport on the GO surface suspended 
through the PI layer. The nanocomposite membrane’s structure and properties will be explored and 
compared with their desalination performance and unique transport mechanisms. The effect of 
different parameters such as, feed concentration, feed temperature, operating pressure and filtration 
time on the desalination performance was also investigated. 

 
2. Experimental 
 
2.1. Chemicals, materials 

 N, N-dimethyl formamide (Sigma, D4551), the non-woven polyester fabric (0.1 Micron, 
90mm, 30/PK, Sterlitech, PET019030), Polysulfone (PSF, average molecular weight 22,000 Da, 
Aldrich, 182443, m-phenylenediamine (MPD, Aldrich, 78420), % trimesoyl chloride (TMC, Aldrich, 
147532), isopropanol (Sigma-Aldrich, 563935), n-hexane (EMD Millipore, 1.00795), benzene 
tetracarbonyl chloride (BTC, prepared as reported by Hong et al (Hong et al. 2013)), triethylamine 
(TEA, Sigma-Aldrich, T0886) and GO (prepared by modified Hummer’ method as reported in our 
previous work (Fathy et al. 2016).  

 
 2.2. Preparation of GO-poly(imide) TFC membranes 

The poly(imide) TFC membranes were prepared by interfacial polymerization (IP) of  a GO-
poly(imide composite layer on the surface of ultra-filtration (UF) poly(sulfone) (PSf) supporting 
membranes (Hong et al. 2013). The membranes supported by PSf were immersed in an aqueous MPD 
solution (2 wt. % in water) and allowed to soak for 2 min. we then separated the soaked PSf 
membranes from the MPD solution and rolled their top surface with a soft rubber to reduce the 
resulting excessive soaking fluid. Excessive solution at room temperature was evaporated in air for 5 
min. subsequently, the soaked PSf membranes were clamped between two Teflon frames and the 
TMC and BTC solution (0.05 wt. % TMC + 0.05 wt. % BTC in hexane) was poured on the top 
surface of the supporting membrane and allowed for 1 min touch, resulting in the formation of an 
ultrathin film of polyamic acid over the PSf membrane.   Through 5 successive surface rinsing with 
hexane, excessive solution was extracted from the surface and the membrane, retained within the 
container, was heat cured for 10 min at 70 oC to ensure the formation of poly(imide) active layer. 
Finally, deionized (DI) water used to wash the resulting membrane manually and preserved in DI 
water.  

The amount of GO nanosheets in the aqueous MPD solution was regulated and ranged from 
0.03 to 0.30 wt. % before the PSf supporting membrane was soaked. Prior to contacting the PSf 
supporting membrane, the solutions containing the GO nanosheets in MPD were ultrasonicated to 
ensure homogeneous layer suspension. The membranes are to be designated as GO-PI-0, GO-PI-0.03, 
GO-PI-0.06, GO-PI-0.09, GO-PI-0.12 and GO-PI-0.30, respectively depending on their crossponding 
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GO loads of 0, 0.03, 0.06, 0.09, 0.12 and 0.30 wt. % suspended in the MPD solution during interfacial 
polymerization. 

 
2.3 Membrane characterization 

All the fabricated membranes were characterized by X-ray diffraction (XRD) under ambient 
pressure at room temperature. Analysis of XRD was reported on 40 Kv and 40 mA Bruker D8 
Advance with a Cu K∝� radiation source. The surface morphology of the fabricated membrane was 
determined using Scanning electron microscopy (FEG SEM, Philips XL30, with accelerating voltage 
30 kV).Upon imagining, the membranes were sputtered with gold. By evaluating the contact angle 
between the liquid/air interface and the liquid/solid interface, membrane hydrophilicity was assessed 
manually. A dead-end filtration system (HP4750 Stirred Cell- Sterlitech, USA) was used to test the 
permeate flux and salt rejection. For at least 12 hr before loading into the permeation cell, membranes 
with a diameter of 50 mm (effective area: 14.6 cm2) were soaked in DI water. 

 Before the permeation measurements, the samples were then pressurized with DI water at 20 
bar for 1 hr to ensure homogeneous membrane compaction. The water flux and salt rejection 
performance testing was then performed at a fixed pressure of 20 bar, a temperature of 25 oC and a pH 
of 7.0 with a 2000 ppm NaCl solution. To further investigate the effect of different parameter on the 
GO-poly(imide) composite RO membrane’s water desalination performance, the process tested under 
different condition such as, feed concentration, feed temperature, operating pressure and filtration 
time.      

  Salt rejection was determined by testing conductivity and substituting in equation (1) (Oh, 
Jegal, and Lee 2001):  

     R = (1 –  
��

��
) × 100  ………………………..............................(1)   

where Cf and Cp are salt concentrations in the feed and permeate, respectively. Water flux was 
measured by direct measurement of the permeate flow using equation (2) (Oh, Jegal, and Lee 2001): 

J = 
�

��
   …………………………………………………….(2) 

 
Results and Discussion 
 
Membrane structure and morphology 
 

The XRD spectra of pure PI (GO-PI-0) as well as GO-PI were shown in Fig. 1. , It can be seen that 
the XRD pattern of GO-PI-0 exhibits a broad peak at around 15.6°, which corresponds to d-value 8.25 �°, 
due to its amorphous nature. Compared to the graphite interlayer spacing (3.5 �°). The GO spacing variation 
can be due to the intercalating oxygenated functional groups, which increased the structural disorder after 
oxidation reaction. Therefore, water absorption also increases the interlayer spacing GO (Chen et al. 2013). 
When GO was incorporated into the PI matrix, although the XRD patterns of GO-PI composites are almost 
as same as that of pure GO-PI-0 membrane, a weak peak presented at 10° in the GO-PI is observed, 
suggesting the GO is dispersed in the entire membrane.  

Fig. 2 showed the SEM image for the fabricated membranes. The structure of the pure poly(imide) 
membrane sheet, as previously reported (Xie et al. 2012) thin films produced by interfacial polymerization, 
is rough and consists of tightly packed globules and scattered ear-shaped ridges. Considering this apparent 
roughness, the pristine membranes were found to be free of defects and were used as such for the GO-
poly(imide) membranes benchmarking. The effect on the polymeric material morphology of increasing the 
amount of incorporated GO nanosheets is shown in Fig. 2b to f. in poly(imide) matrix formed during 
interfacial polymerization, the GO nanosheets were found to be physically embedded. The material’s 
surface texture being identical to that of pristine poly(imide) material, wrinkled GO nanosheets were visible 
on the composite membrane surface. Interestingly, larger areas on the surface of the membranes were found 
to be covered with agglomerated GO nanosheets above 0.06 wt. % of GO integrated in the MPD solution. 

 



Curr. Sci. Int., 7(4): 856-863, 2018 
ISSN: 2077-4435 

859 

 
Fig. 1: XRD spectra of selected fabricated membranes. 

 

 
Fig. 2: Surface SEM images of the fabricated RO membranes, a) GO-PI-0, b) GO-PI-0.03, c) GO-PI-

0.06, d) GO-PI-0.09, e) GO-PI-0.12 and f) GO-PI-0.30. 
 
Performance of GO-poly(imide) RO TFC  fabricated membranes 

As illustrated in Fig. 3. The GO loading quantity can be seen to have a major impact on the 
desalination performance of the GO membranes. With the increase in GO loading, the salt rejection 
increases significantly, while the water flux was improved until a certain critical concentration of GO 
nanosheets was reached; after that, the flux started to decline. The water flux decreases significantly 
due to the increase in GO thickness with an increase in GO loading quantities. This behavior was 
attributed to the blockage of pores and reduction in pore size at higher loading of GO nanosheets. On 
other hand, the high content of GO increases the viscosity of the solution, slowing down the 
precipitation and creating a dense skin layer on the surface. Considering a trade-off in water 
desalination between salt rejection and water flux, it is important to increase the permeation 
membrane water flux as high as possible while maintaining high salt rejection. It is found that the 
GO-PI-0.06 membrane possess the highest salt rejection about (98.9%) which corresponding to the 
highest water flux (20.2 l/m2/hr). thereby, in present work all GO membranes have been fabricated 
with GO loading of 0.06 wt. %. 
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Fig. 3: Salt rejection and water flux of the fabricated GO poly(imide) membranes at 20 bar, 2000 ppm 
NaCl and room temperature. 
 
Fig. 4 shows the effect of operating temperature on the salt rejection and water flux of the 

fabricated GO-poly(imide) RO TC membrane at 20 bar, 2000 ppm NaCl and room temperature. It can 
be seen that in the temperature range of 25-100 oC, all salt rejections reach over 98.9 %, indicating the 
high desalination performance of the GO-PI membrane.  This conclusion agrees with the previous 
study that the GO membranes are very effective for desalination of seawater(Sun et al., 2013; Thema 
et al. 2013; Wei, Peng, and Xu 2014). The water flux increases significantly from 20.2 to 33.9 l/m2/hr 
when the operating temperature rises from 25 to 100 oC, while the salt rejection remains virtually 
unchanged. Increasing water flux with rising temperature is due to increased water diffusion. 
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Fig. 4: Salt rejection and water flux for the fabricated membrane as a function of temperature. 

 
Fig. 5 illustrates the influence of the feed concentration on the salt rejection and water flux for 

the GO-poly (imide) RO TFC fabricated membrane. At 25 oC, when the concentration of feed 
increases from 2000 to 10000 ppm, the water flux decreases from 20.2 to 12.6 l/m2/hr, while the salt 
rejection satays high (over 98.9 %). The method pf passage of salts ion through the pores is usually 
determined by the pore size and the electrostatic interact ions between ions and membranes. As the 
concentration of feed increases, the polarization of the concentration will occur at the interface 
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between the feed solution and the membrane (Hu and Mi, 2013). Therefore, with the increase in feed 
concentration, more salts are deposited on the outer surface of the membranes, thus increasing the 
electrostatic interactions, resulting in a significant reduction in water activity and a significant 
reduction in water flux (Akhavan and Ghaderi, 2010). In addition, salt accumulation on the outer 
surface of the membrane becomes more serious as more salts from the mixtures are recrystallized. As 
a consequence, water channels are blocked and cause water flux to decrease. 
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Fig. 5: Salt rejection and water flux for the fabricated membrane as a function of feed concentration at 

room temperature. 
 
As is well known, operating pressure as the most important driving force in RO processes is 

one of the of the most important parameters affecting RO system performance. In terms of this, the 
effect of the applied pressure on the RO desalination system and salt removal efficiency was 
investigated from 10 to 50 bar for the fabricated membrane. As expected, the permeate quality and 
quantity were affected by the applied pressure. While applied pressure increased, the water flux also 
increased accordingly. You can interpret this result as follows. Poly (imide) is a polymer that is 
hydrophobic. This hydrophilicity can be dramatically improved by adding GO nanosheets with its 
desirable characteristics, such as hydrophilicity and higher ratio surface areas. Thus, the water flux 
was improved. With increasing applied pressure, there was almost no difference in salt rejections due 
to the high stability of the fabricated membrane. 
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Fig. 6: Effect of applied pressure on the salt rejection and water flux for the fabricated RO membrane. 
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On the contrary, the high desalination efficiency of the GO-poly(imide) membrane would 
remain unchanged for a long time when the RO TFC PI membrane was prepared using GO 
nanosheets. As shown in Fig. 7 both salt rejection and water flux are almost constant at 25 oC after 
150 min, suggesting that the GO-poly (imide) membrane shows high stability for water desalination.  
GO-poly (imide) membrane’s excellent stability is due to the development of strong chemical bonds 
between GO nanosheets and imide link of the PI membrane, which helps prevent the membrane from 
peeling off the GO from the membrane surface.  
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Fig. 7: Effect of filtration time on the salt rejection and water flux for the fabricated RO membrane. 
 
Conclusion 

In conclusion, we have developed a new strategy to prepare thin film composite membrane for 
RO desalination process. The GO-poly (imide) thin film composite membrane was successfully 
prepared via interfacial polymerization of MPD solution and mixture of BTC and TMC solution. The 
GO nanosheets were introduced in the MPD solution step during the preparation. High desalination 
performance was demonstrated by the developed GO-poly (imide) membrane. The GO-PI-0.06 
membrane shows the best performance for all the fabricated membranes with different loading of GO 
nanosheets. The water flux through the GO-PI-0.06 membrane at oC is 20.2 l/m2/hr, with salt 
rejections of reached 98.9 % for 2000 ppm NaCl solution desalination.  During a long-term, operation 
at 25 oC for 150 min, the GO-PI-0.06 membrane showed excellent separation performance. 
Noteworthy, is the high performance of the GO-poly (imide) membranes in the treatment of high salt 
rejection concentration (10000 ppm). Such exceptional properties in addition to the high stability over 
a wide range of applied pressure (10-50 bar) suggest a promising candidate for desalination of salty 
water and brackish water to the durable GO-poly(imide) membranes.    
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