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ABSTRACT  
 

The fast development of nanotechnology has led to significant improvement in membrane 

technology for the development of mixed-matrix membranes (MMMs). Graphene oxide (GO) 

is a new revolutionary addition to the nanomaterial family. The objective of this work is to 

study the effect of GO loading for the enhancement of nylon 6,6-GO MMMs performance. 

GO was synthesized from graphite powder and incorporated in membrane matrix through wet 

phase inversion method. Field Emission Scanning Electron Microscopy, water contact angle, 

porosity, tensile strength analysis were applied for the characterization of the synthesized 

nylon-GO MMMs. Whereas, the performance of nylon-GO MMMs was assessed based on its 

pure water flux and sodium chloride rejection. The incorporation of GO nanoplates into 

membrane matrix had increased the membrane porosity, surface wettability, and mechanical 

strength of the synthesized nylon-GO MMMs where the optimum membrane characteristics 

were obtained by M4 with 3 wt.% of GO nanoplates. Assessment of membrane performance 

was also supported that M4 has the greatest performance where sodium chloride rejection was 

increased from 18% for M1 to 53% for M4. The results proved that GO nanoplates are 

excellent nano-filler material for the synthesis of MMMs. M4 with extraordinary performance 

has good potential for the application in water and wastewater treatment. 

 

Keywords: Mixed-matrix membrane, graphene oxide, nylon 6,6; hydrophilic, sodium chloride 

rejection 

 

 

1.0 INTRODUCTION 

 

Nylon 6, 6 is a type of polyamide or 

nylon, made of two monomers 

containing 6 carbon atoms each. Nylon 

6, 6 is an important engineering 

thermoplastic and greatly used in 

textile and plastic industries [1] due to 

its high mechanical strength, rigidity, 

and good stability under heat and/or 

chemicals [2]. Despite its wide 

application in textile and plastic 

industries, nylon 6, 6 with its 

advantages can be used in membrane 

synthesis. 

The fast development of 
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nanotechnology has led to significant 

improvement in various applications 

such as electronics, food, fuel cells, 

solar cells, batteries, space, fuels, 

chemical sensors, and fabric. 

Membrane synthesis with the 

integration of nanotechnology is also 

developed in high motion attributed to 

high attention paid by researchers in 

this field. Metal and non-metal 

nanoparticles were embedded into 

membranes matrix for the formation of 

mixed-matrix membranes (MMMs) 

with enhanced performance such as 

higher water flux, higher permeability, 

higher rejection, and lower fouling 

tendency [3, 4]. Among many 

nanomaterials, graphene and graphene 

oxide (GO) are considered new 

revolutionary addition to the 

nanomaterial family [5]. Attention of 

the researchers around the world has 

been drawn toward this wonder 

nanomaterial by its unique properties, 

such as 2D carbon nanostructure, high 

specific surface area, and good thermo-

mechanical stability [6]. 

GO and graphene has been used as 

nano-filler in nylon family polymer 

and in the mix matrix material for the 

enhancement of its thermal and 

mechanical stability, tensile strength, 

elongation at break, fracture toughness, 

and impact failure energy [7].The 

objective of this work is to study the 

effect of GO loading for the 

enhancement of nylon 6, 6-GO MMMs 

performance. 

 

 

2.0 METHODS 

 

2.1 Materials 

 

Pure fine graphite (particle size < 50 

μm) and formic acid (99 wt.%) were 

obtained from Merck & Co. Sodium 

nitrate (NaNO3), sodium chloride 

(NaCl) hydrogen peroxide (H2O2), 

potassium permanganate (KMnO4) and 

sulfuric acid (H2SO4) (98 wt.%) were 

supplied by Accot Technologies Sdn. 

Bhd. On the other hand, poly 

(hexamethylene adipamide) (Nylon-

66) was received in pellet form from 

Sigma-Aldrich. 

 

2.2 Synthesis of Graphene Oxide 

(GO) Nanoplate  

 

GO was synthesized from graphite 

powder by Hummers method [8]. 

Typically, 5 g of graphite powder and 

2.5 g of NaNO3 were mixed into a 

round bottom flask. 115 mL of H2SO4 

was then added into the mixture under 

continuous stirring for 30 minutes. 

Following, the mixture was put in an 

ice bath to reduce the mixture’s 

temperature below 10 °C. When the 

mixture reaches temperature below 

10 °C, 15 g of KMnO4 was added 

gradually into the mixture under 

continuous stirring and left for reaction 

at temperature below 10 °C for 2 hours. 

Next, the mixture’s temperature was 

increased to 35 °C and proceed with 

continuous stirring for 1 hour. The 

mixture was subsequently diluted with 

230 mL deionized water by keeping 

the mixture’s temperature below 

100 °C. Further dilution was conducted 

by diluting the mixture with 300 mL 

deionized water. 10 mL of 30% H2O2 

was then added into the mixture to 

reduce the residual KMnO4. The color 

of the mixture will gradually change 

into brilliant yellow, indicating the 

complete reduction of KMnO4. The 

mixture was then centrifuged and 

washed with 5% HCl aqueous solution 

before freeze dry.  Fine brown-

coloured GO powder was obtained at 

the end of the process [9]. 

 

2.3 Membrane Fabrication 

 

Wet phase inversion method was 

adopted for the fabrication of nylon-

GO MMMs. Membrane polymer 
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solution was prepared by dispersing 

the GO nanoplates in formic acid and 

ultrasonicated for 30 minutes. Nylon 6-

6 pellet was then added into 

homogeneous GO nanoplates 

suspension. The concentration of GO 

and the weight ratio of nylon 6-6: 

formic acid: GO were summarized in 

Table 1. The mixture was heated to 

60 ℃ with continuous stirring at 300 

rpm for 5 hours using silicon oil bath. 

Nylon-GO MMM was fabricated by 

pouring the membrane polymer 

solution onto a clean glass plate and 

casted at a thickness of 0.2 mm 

measured using the casting knife. The 

glass plate together with casted 

membrane polymer solution was 

exposed to air for 15 seconds and 

immersed into water bath consists of 

ultrapure water with 10 wt.% formic 

acid at ambient conditions. The 

synthesized nylon-GO MMM was then 

peeled off from the glass plate and 

rinsed with ultrapure water [10]. 

 

2.4 Characterization of GO 

Nanoplates and Nylon-GO Mixed-

matrix Membranes 
 

X-ray diffractometer (XRD), Bruker 

D8 Advance AXS and transmission 

electron microscopy (TEM) Philips 

CM200, model JEOLJEM 2100 were 

used to identify the crystalinity and 

surface morphology of GO nanoplates. 

Field emission scanning electron 

microscopy (FESEM), SUPRA 55VP 

was used to observe the surface 

morphology and cross-sectional 

structure of the synthesized nylon-GO 

MMM. For cross-sectional observation, 

the synthesized nylon-GO MMM was 

fracture by immersing in liquid 

nitrogen. The membrane sample was 

coated with a thin layer of platinum 

before FESEM analysis. Water contact 

angle of the synthesized nylon-GO 

MMMs was measured using Kruss 

GmbH FM12MKE easy drop machine. 

Whereas, the tensile strength of the 

synthesized nylon-GO MMMs was 

analyzed using CT texture analyzer. 

Membrane porosity (ε) was determined 

using gravimetric method [11], as 

defined in the following equation: 

 

w
dlA 


 21




                                     (1) 

 

Where ω1 is the wet membrane weight 

(kg) and ω2 is the dried membrane 

weight (kg) A is the effective 

membrane area (m2), l is the membrane 

thickness (m), and dw is the water 

density (998 kg/m3). 

 

2.5 Performance Evaluation of 

Nylon-GO Mixed-matrix 

Membranes  

 

A 300 mL dead-end stainless steel 

stirred cell, SterlitechTM HP4750 was 

used to determine permeate flux and 

NaCl rejection of the synthesized 

nylon-GO MMMs. The synthesized 

nylon-GO MMMs with an effective 

surface area of 14.6 cm2 was first 

placed at the bottom of the stirred cell. 

It was compacted at pressure of 4 bars 

with ultrapure water for 20 minutes 

until a steady permeate flux was 

obtained. Permeate flux of the 

membrane was calculated using 

Equation 2: 

 

 )
TA

V
(J






                                       (2) 

 

Where J is the permeate flux (L/m2 h), 

ΔV is the permeate cumulative volume 

(L), A is the effective membrane area 

(m2), and Δt is the filtration time (h). 
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Table 1 Nylon-GO MMMs formulations 
 

Membrane GO concentration (wt.%) 
Ratio of 

Nylon 6,6: formic acid: GO 

M1 0 1:4.55:0 

M2 1 1:4.55:0.01 

M3 2 1:4.55:0.02 

M4 3 1:4.55:0.03 

M5 4 1:4.55:0.04 

 

 

On the other hand, NaCl rejection 

by the synthesized nylon-GO MMMs 

was calculated using Equation 3. 

f

p

c

c
R 1

                                (3) 

 

Where Cp and Cf are the 

concentration of permeate and feed, 

respectively.  

 

 

3.0 RESULTS AND DISCUSSION 

 

3.1 Characterization of GO 

Nanoplates 

 

Figure 1 shows the XRD patterns of 

graphite and GO nanoplates. As shown 

in Figure 1(a), sharp characteristics 

peak was appeared at 26.23º for 

graphite and this characteristics peak 

was disappeared after complete 

oxidation of graphite into GO 

nanoplates in Figure 1(b). However, a 

spike at 10.7° corresponding to GO 

with with a d-spacing of 8.7 Å was 

existed in Figure 1(b), confirmed the 

transition of graphite into GO 

nanoplates [12]. 

Figure 2 presents the TEM 

micrograph of the exfoliated GO 

nanoplates. As depicted in Figure 2, 

smooth, thin sheet layer of GO 

nanoplates was formed without any 

residual graphite deposited on GO 

surface structure. This supported XRD 

analysis result on the complete 

oxidation of graphite into GO 

nanoplates [13]. Smooth, thin sheet 

layer of GO nanoplates was a good 

characteristics for the synthesis of 

nylon-GO MMMs. 
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(a) 

 
(b) 

Figure 1 XRD patterns of (a) graphite and (b) GO nanoplates 
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Figure 2 TEM micrograph of exfoliated 

GO nanoplates 

 

 

3.2 Characterization of Synthesized 

Nylon-GO Mixed-matrix 

Membranes 

 

FESEM micrographs of nylon-GO 

MMMs’ surface morphology and 

cross-sectional structure are depicted 

in Figure 3. FESEM micrographs of 

the synthesized nylon-GO MMM 

indicated in Figure 3 did not present 

any imperfection or agglomeration of 

nanomaterial on the membrane surface 

or in the membrane matrix, suggesting 

the well distribution of GO nanoplates 

in membrane matrix [14]. Well 

distribution of GO nanoplates in 

membrane matrix would reduce the 

defect on membrane structure and 

promote consistency in membrane 

performance [15]. On the other hand, 

the cross-sectional structure of the 

synthesized nylon-GO MMM indicated 

in Figure 3(b) shows that the porosity 

of M4 was increased dramatically, 

high porosity of membrane matrix is a 

favourable  characteristic of polymeric 

membrane for high permeate flux [16].  

Figure 4 presents the porosity of the 

synthesized nylon-GO MMMs. As 

shown in Figure 4, the membrane 

porosity was slightly increased with 

the increasing of GO concentration. 

The highest membrane porosity was 

recorded by M4. High porosity of 

nylon-GO MMMs and the increment 

of porosity with the increasing of GO 

concentration was attributed by 

hydrophilic nature of GO nanoplates 

[17]. Hydrophilic GO nanoplates led to 

high exchange rate between solvent 

and non-solvent in water bath during 

wet phase inversion process. Rapid 

exchange rate between solvent and 

non-solvent contributes to the 

formation of macro-voids and highly 

porous membrane structure. However, 

membrane porosity was decreased as 

GO concentration was increased to 4 

wt.%, probably due to the 

agglomeration of GO nanoplates in 

membrane matrix that hindered the 

membrane pores on membrane surface 

[18].  
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Figure 3 FESEM micrographs of M1 and M4 (a) surface morphology and (b) cross-sectional 

structure 
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Figure 4 Porosity of the synthesized nylon-GO MMMs 

 

 

Surface wettability of the membrane 

was indicated by the water contact 

angle value measured on the 

membrane surface. Generally, lower 

water contact angle value signifies 

higher hydrophilic nature of the 

membrane surface [19]. Figure 5 

shows the water contact angle of the 

synthesized nylon-GO MMMs. The 

water contact angle value of nylon-GO 

MMMs was apparently lower than 

nascent nylon membrane (M1). 

Incorporation of GO nanoplates into 

membrane matrix had increased the 

membrane hydrophilicity due to the 

hydrophilic nature of GO nanoplates 

which can form hydrogen bonding 

with water molecules [20]. Higher 

hydrophilicity was a characteristic for 

nylon-GO MMMs. Most of the 

foulants in water source are 

hydrophobic in nature [21]. Hence, 

hydrophilic membrane surface could 

reduce the interaction between 

M4 
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membrane surface with hydrophobic 

foulants, therefore reduce membrane 

fouling propensity [22]. On top of that, 

hydrophilic membrane surface was 

expected in promoting for higher 

permeate flux. However, M5 shows an 

increase of water contact angle value 

after M4. This is probably due to the 

agglomeration of GO nanoplates in 

membrane matrix at high GO 

concentration where the effective 

surface of GO nanoplates was reduced 

[23]. With this, membrane surface 

functional groups were also reduced. 

Similar observation was reported by 

Zinadini et al. (2014) where high 

blending ratio of GO nanoplates in 

polymeric membrane formulation has 

lead to the increasing of water contact 

angle value [24]. 
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Figure 5 Water contact angle of the synthesized nylon-GO MMMs 

 

 

Figure 6 presented the tensile 

strength of the synthesized nylon-GO 

MMMs. Mechanical strength 

enhancement was observed for nylon-

GO MMMs with the incorporation of 

GO nanoplates into membrane matrix. 

The maximum peak load was recorded 

by M4 at 619.5 g with the 

incorporation of 3 wt.% GO nanoplates 

into membrane matrix. Similar result 

was obtained by Jin et al. (2013) for a 

polyamides MMMs incorporated with 

GO nanoplates [25]. 
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Figure 6 Tensile strength of the synthesized nylon-GO MMMs 

 

 

3.3 Performance Evaluation of 

Nylon-GO Mixed-matrix 

Membranes 

 

Pure water flux of the synthesized 

nylon-GO MMMs is shown in Figure 7. 

As presented in Figure 7, there was a 

slight drop of pure water flux with the 

increasing of GO concentration. 

Although membrane surface 

hydrophilicity and membrane porosity 

were increased with the increasing of 

GO concentration and promoting for 

higher pure water flux, the increasing 

of membrane polymer solution 

viscosity with the addition of GO 

nanoplates has formed a denser 

membrane structure [26]. As 

membrane morphology is the dominant 

factor in affecting pure water flux, 

denser membrane structure at higher 

GO concentration contributes to slight 

reduction in pure water flux. However, 

the pure water flux reduction was not 

much. 
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Figure 7 Pure water flux of the synthesized nylon-GO MMMs 

 

 

On the other hand, Figure 8 

depicted the NaCl rejection of the 

synthesized nylon-GO MMMs. 

Comparatively, the results of NaCl 

rejection has an obvious change than 

the results of pure water flux for the 

synthesized nylon-GO MMMs. The 

rejection was increased from 18% by 

M1 to 53% by M4 with the 

incorporation of 3 wt.% GO nanoplates 

into membrane matrix. Denser 

membrane structure with the 

incorporation of GO nanoplates will 

reject more NaCl molecules from 

penetrating through the membrane 

matrix [27]. 
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Figure 8 NaCl rejection of the synthesized nylon-GO MMMs 

 

 

4.0 CONCLUSION 

 

GO nano-plates was synthesized 

through modified Hummer’s method. 

Smooth, thin sheet layer of GO 

nanoplates without any residual 

graphite deposited on GO surface 

structure was a good characteristics for 

the synthesis of nylon-GO MMMs. 

The incorporation of GO nanoplates 

into membrane matrix had increased 

the membrane porosity, surface 

wettability, and mechanical strength of 

the synthesized nylon-GO MMMs 

where the optimum membrane 

characteristics were obtained by M4 

with 3 wt.% of GO nanoplates. 

Assessment of membrane performance 

on the aspect of pure water flux and 

NaCl rejection was also supported that 

M4 was having the greatest 

performance where NaCl rejection was 

increased from 18% for M1 to 53% for 

M4 without much scarification in pure 

water flux. The results from this study 

proved that GO nanoplates are 

excellent nano-filler material for the 

synthesis of MMMs. 
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