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Abstract 

Polyvinylidene Fluoride (PVDF) membranes were modified with quaternized graphene oxide (QGO) synthesized from graphene oxide and 
quaternized ammonium groups. PVDF/QGO membranes were created by blending PVDF and 0.01-0.05 g QGO via phase inversion. FTIR 
confirmed the successful QGO incorporation. PVDF/QGO membranes exhibited increased mechanical stiffness. Meanwhile, SEM revealed 
asymmetric morphology with surface and internal pores. AFM showed the membrane with 0.05 g and QGO had the highest surface roughness 
of 101.2 nm, which increased filtration area and flux. QGO improved hydrophilicity through hydroxyl and quaternary ammonium groups, 
enhancing water flux up to 1208 Lm−2h−1 for 0.05 g QGO. Cu2+ rejection increased to 75% for 0.05 g QGO membrane due to chelation and 
adsorption effects. PVDF/QGO membranes displayed bacterial growth inhibition, unlike pristine PVDF. The inhibition zone diameter increased 
with more QGO, indicating improved antibacterial activity. Overall, this study demonstrated that QGO improved PVDF membranes' 
hydrophilicity, antibacterial properties, and mechanical strength. 
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1. Introduction  

Membrane separation is an effective and environmentally 

friendly technique to eliminate any phenolic compounds from 

industrial wastewater, lowering health hazards and 

environmental consequences [1]. Biofouling poses a major 

obstacle to the practical application of membrane technology 

for separation processes. The formation of biofilm on 

membrane surfaces enables microorganisms and bacteria to 

adhere and proliferate, consequently reducing membrane flux 

and lifespan [2]. Regular physical or chemical cleaning to 

control biofouling leads to high operational and maintenance 

expenses. Moreover, such cleaning practices may permanently 

damage the membrane. An effective strategy to mitigate 

biological contamination of membranes involves modifying the 

membrane materials to impart antibacterial properties [3].  

By introducing hydrophilic modifications to the membrane, 

its surface becomes capable of forming a hydrated layer that 

effectively isolates proteins, bacteria, and other contaminants 

[4]. This modification makes the material more hydrophilic, 

decreasing hydrophobic interactions and allowing 

microorganisms to adhere to it. However, even though the 

material is now more hydrophilic, it lacks the ability to kill 

bacteria that are able to initially attach to the membrane surface 

before the modification is made.

 Consequently, deposited bacteria can still thrive and form 

biofilms on the membrane surface [5]. On the other hand, 

membranes endowed with antibacterial characteristics can 

efficiently eradicate bacteria present on the membrane surface, 

thereby thwarting the development of biofilms. Nevertheless, 

Intra-cellular substances like proteins originating from 

deceased bacteria might reattach to the membrane surface, 

especially in cases where the membrane displays hydrophobic 

properties. Therefore, membrane modification with dual 

hydrophilic and antibacterial properties is considered as an 

ideal method to address membrane biofouling, representing a 

primary focus in current membrane modification research 

[6,7,8,9]. 

Numerous investigations have suggested different 
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innovative methods for dual-purpose membrane enhancement. 

For instance, a study presented a membrane coated with a 

zwitterionic polymer brush by immobilizing catechol on the 

surface of the membrane [10]. The zwitterionic-modified 

membrane demonstrated the improved hydrophilicity and 

antibacterial characteristics, leading to a notable reduction in 

protein and bacterial adhesion. On the other hand, 

modifications to a polyethersulfone membrane using post-

ultraviolet irradiation treatment with a zwitterionic 

polyampholyte hydrogel, followed by graphene oxide filling 

applied [11] showed a noticeable enhancement of the modified 

membrane's hydrophilicity and antibacterial characteristics. 

However, post-membrane treatment and the complex 

zwitterion process could potentially damage the membrane 

material. Membrane modification through modifier blending, 

therefore, becomes a more convenient option although the 

challenge lies in obtaining modifiers with dual hydrophilic and 

antibacterial functions without experiencing loss from the 

modified membrane. 

Graphene oxide (GO) demonstrates promising 

characteristics for enhancing membrane properties. The 

abundant hydroxyl groups present in graphene oxide, coupled 

with its exceptional hydrophilicity, render it an ideal candidate 

for such applications. Furthermore, the irregular sheet structure 

of graphene oxide can easily be trapped in the polymer 

membrane material during the process of converting the casting 

solution from a liquid to a solid phase [12]. This results in a 

hydrophobic carbon framework trapped within the membrane, 

enriched with hydrophilic groups at the membrane-water 

interface. Moreover, the presence of carboxyl and epoxy 

groups on GO provides opportunities to attach various 

functional groups with specific functions, making it a highly 

flexible modifier for membrane modification [13]. While 

reports suggest that GO may exhibit certain antibacterial 

properties; its success in achieving significant antibacterial 

properties in modified membranes has not been fully 

established [14]. Hence, this study aims to utilize graphene 

oxide (GO) as a carrier for incorporating antimicrobial agents 

as modifiers to enhance both the water-attracting and 

antibacterial characteristics of the membrane. 

Quaternary ammonium groups are recognized for their 

potent antimicrobial attributes, largely attributed to their 

elevated positive charge concentration and efficient 

electrostatic interactions having negatively charged cellular 

membranes. Alkane chains in these groups can also penetrate 

bacterial cells, resulting in bacterial inactivation. Although 

water-soluble quaternary ammonium has been proven to be 

capable of enhancing hydrophilic and antimicrobial properties, 

the challenge lies in controlling the loss of this additive from 

the modified membrane [15]. 

In this study, epoxy and carboxyl groups present on 

graphene oxide were employed as reactive sites for covalently 

attaching quaternary ammonium groups, resulting in the 

production of quaternized graphene oxide (QGO) with dual 

hydrophilic and antibacterial traits characteristics. 

Subsequently, QGO was utilized as a modifying agent during 

the manufacturing process of QGO-PVDF membranes 

employing the phase inversion technique. Ultimately, the novel 

QGO-PVDF membrane, which exhibited both hydrophilic and 

antibacterial properties, was successfully manufactured and 

comprehensively characterized. Unlike other methods, the 

blending method involving QGO enables the fabrication of 

membranes and surface alteration with dual functionality in a 

single process, making it more practical and competitive for 

industrial applications. 

2. Materials and Methods 

2.1. Materials 

PVDF powder (Molecular weight ~534,000), N, N-

Dimethylacetamide (DMAc, purity 99%), acetone (purity 

99.5%), dimethyloctadecyl [3 

(Trimethoxysilyl)propyl]ammonium chloride (DMOAP), and 

toluene (purity 99.8%) were procured from Sigma Aldrich, 

Singapore. Hydrochloric acid (HCl, concentration 37%), 

hydrogen peroxide (H2O2, concentration 30%), ethanol 

(concentration 96%), sodium nitrate (NaNO3, powder), sulfuric 

acid (H2SO4, concentration 98%), potassium permanganate 

(KMnO4), CuSO4, NaOH, and Na2CO3 were obtained from PT. 

Smartlab Indonesia, Indonesia. Graphite powder was 

purchased from Merck, Germany, while distilled water was 

acquired from CV. Chemical Indonesia Multi Sentosa, 

Indonesia. 

2.2. Method 

2.2.1. Graphene oxide (GO) preparation 

GO was synthesized by adapting the procedure initially 

proposed by Hummers and Offerman. In detail, 10 g of graphite 

powder and 5 grams of NaNO3 were combined in 230 mL of 

cooled sulfuric acid with gradual stirring at 10°C. Following 

this, 30 grams of KMnO4 was introduced, and the mixture 

underwent heating and stirring at 35°C for 30 minutes. 

Following the addition of 250 mL of distilled water, the 

temperature was raised to 90°C, and stirring persisted for an 

additional 30 minutes at this elevated temperature. To cease the 

oxidation process, 500 mL of distilled water and 50 mL of a 

H2O2 30% solution were sequentially added to reduce excess 

KMnO4. Following this, the resulting sample was centrifuged 

at 8000 rpm for 10 minutes and dried in a vacuum oven at 60°C 

for 24 hours. 

Table 1. Compositions of QGO-PVDF solutions 

Membrane 
PVDF 

(gram) 

DMAc 

(gram) 

Acetone 

(gram) 
QGO (gram) 

Q0 2.7 9 6 0 

Q1 2.7 9 6 0.01 

Q2 2.7 9 6 0.02 

Q3 2.7 9 6 0.03 

Q4 2.7 9 6 0.04 

Q5 2.7 9 6 0.05 

2.2.2. Quaternized graphene oxide (QGO) synthesis  

The preparation of Q-GO was conducted by following the 

procedure described by Changkhamchom et al. [16]. Initially, 

0.1 grams of GO powder were dispersed in 50 milliliters of 
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toluene through sonication for 2 hours. Subsequently, 5 grams 

of DMAOP were introduced to the GO suspension at a 

temperature of 27°C and stirred for 36 hours. The resulting 

product underwent centrifugation and was washed four times 

with 100 milliliters of ethanol to eliminate toluene and any 

unreacted DMAOP molecules. Finally, the resulting product 

was subjected to drying at 55°C for a duration of 24 hours to 

yield the QGO powdered form. 

2.2.3. Membrane preparation 

The QGO-PVDF membrane was produced through a phase 

separation method employing an electrospinning casting 

technique. The membrane was produced by combining PVDF 

powder (18%) in a solution of DMAc and acetone ratio (3:2) as 

the matrix polymer. Different amounts of QGO (0.01; 0.02; 

0.03; 0.04; and 0.05 grams) were utilized as the additional 

components to produce a range of QGO-PVDF composite 

membranes (refer to Table 1). The blend was agitated for 12 

hours at 65°C with a stirring rate of 270 rpm. Electrospinning 

casting was carried out for 2 hours, applying a voltage of 15 

kV, flow velocity of 1 mL/hour, and maintaining a separation 

distance of 15 cm between the injector and the collector drum, 

as outlined in the study conducted by Kusumawati et al. [17]. 

2.3. Membrane characterization 

The QGO-PVDF membrane's chemical properties were 

validated through PerkinElmer Fourier Transform Infrared 

(FTIR) Spectrum Two. To assess the membrane's mechanical 

characteristics, RCT-10KN-AF Toyo Seiki Strograph was 

employed. The morphology of both the surface and cross-

sections of the membranes was examined using the FEI Inspect 

S50 Scanning Electron Microscope (SEM). For measuring 

membrane permeability, a "dead-end" (self-made) membrane 

reactor was utilized, and the resulting permeate's selectivity 

was analyzed with AA-7000 Shimadzu Atomic Absorption 

Spectrophotometry (AAS). The membrane physical 

characterization involved the analysis of the surface roughness 

of the most optimal membrane using Bruker Atomic Force 

Microscopy (AFM). 

2.4. Membrane porosity analysis 

Porosity analysis was conducted by examining scanning 

electron microscope (SEM) images using OriginPro 2018 

software. Here, the parameters needed included the maximum 

and minimum height values (Hmax, Hmin), x and y 

dimensions, integral volume, total volume, solid volume, 

volume under the curve, pore volume, and porosity percentage. 

The software calculated porosity percentage using the 

following equation: 

Vsolid = ∫ ∫ 𝑓
𝑦𝑚𝑎𝑥

𝑦𝑚𝑖𝑛
(𝑥, 𝑦)𝑑𝑥𝑑𝑦

𝑥𝑚𝑎𝑥

𝑥𝑚𝑖𝑛
 (1) 

where Xmax, Xmin, Ymax, Ymin are the surface boundaries at X 

and Y coordinates (surface boundaries when projected on the 

base plane), equation 2 to find the total volume,  

Vtotal = 𝑓𝑚𝑎𝑥  (𝑥𝑚𝑎𝑥 −  𝑥𝑚𝑖𝑛)(𝑦𝑚𝑎𝑥 −  𝑦𝑚𝑖𝑛) () 

The difference of total volume and solid volume was to find the 

pore volume, and equation 3 was to find porosity and its 

percentage, 

ϕ = 
𝑉𝑝

𝑉𝑡𝑜𝑡
 () 

where ϕ is porosity, Vp is pore volume, and Vtot is total volume. 

2.5. Membrane performance evaluation 

The QGO-PVDF membrane's permeability and selectivity 

were determined using Equations (4) and (5) as follows: 

  𝐽 =  
𝑉

𝐴 × 𝑡
         () 

𝑅 =  ( 1 −
𝐶𝑝

𝐶𝑓
) ×  100%         () 

In this context, J represents the pure water flux (measured in 

Lm−2h−1), V denotes the volume of permeation (measured in L), 

A indicates the membrane's effectiveness area (measured in 

m2), t signifies the filtration time (measured in hours), R 

expresses the removal ratio of Cu2+ (in percentage), and Cf and 

Cp denote the levels of Cu2+ in the feed and filtrate, 

respectively. 

2.6. Bacteria inhibition test 

The effectiveness of the QGO-PVDF membrane against 

bacteria was assessed using the agar disk diffusion method. For 

this approach, the bacteria with a Gram-negative cell wall E. 

coli was chosen as the reference organism, and all procedures 

were conducted under sterile conditions. Before being cultured 

on Mueller-Hinton agar plates, each bacterial sample was 

introduced into a suspension with approximately 1.5 × 108 

cfu/ml colonies. A 12 mm-diameter segment of the QGO-

PVDF membrane was then placed in an incubator at 37°C for 

24 hours. The resulting membrane was then assessed for the 

presence of an inhibition zone three times using a calliper. The 

antibacterial efficacy of the membranes was assessed by 

examining the presence of a zone of inhibition surrounding 

each membrane, following the method as outlined by Xu et al. 

[20]. 

3. Results and Discussion 

3.1. Chemical properties analysis with FTIR 

Fig. 1 illustrates the FTIR spectra of QGO-PVDF 

membranes (Q0-Q5). The pristine PVDF membrane (Q0) 

displayed peaks at 1401.51 cm-1 associated with C-H stretching 

and deformation vibrations, a peak at 1171.32 cm-1 

representing C-F groups, and a peak at 876.07 cm-1 as a 

characteristic feature of the PVDF β phase [21,22]. These peaks 

were also observed for Q1-Q5. The IR spectra of Q1-Q5 

membranes displayed a signature peak ranging from 2959.49 

to 3020.36 cm-1, denoting the existence of O-H groups intrinsic 

to QGO. Specifically, the emergence of a peak at 1732.84 cm-1 

(C=O) reinforced the incorporation of GO in the composite 

membranes, further validated by the transmittance percentages. 
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The systematic interpretation of the spectra suggests the 

successful fabrication of the QGO-PVDF composite 

membranes. The optimal variation was attained at Q5 

composition with the highest GO loading across the variants. 

 

Fig. 1. FTIR results of QGO-PVDF membrane 

3.2. Mechanical strength analysis 

The mechanical durability of the QGO-PVDF membranes 

was evaluated by determining Young's modulus, computed by 

dividing the applied load by the resulting deflection, following 

Equation 6 as detailed in the study. 

𝐸 =  
𝑆𝑡𝑟𝑒𝑠𝑠

𝑆𝑡𝑟𝑎𝑖𝑛
   () 

Table 2. Modulus young membrane QGO-PVDF 

Membrane PVDF (gram) QGO (gram) 
Modulus 

Young (Mpa) 

Q0 2.7 0 8.40 

Q1 2.7 0.01 13.93 

Q2 2.7 0.02 14.65 

Q3 2.7 0.03 15.32 

Q4 2.7 0.04 15.45 

Q5 2.7 0.05 15,62 

Young's modulus represents the stress-to-strain relationship 

with the elastic limit of a material. A higher Young's modulus 

indicates greater stiffness and ability to withstand deformation 

under stress. Table 2 shows that Q2-Q5 had a monotonic 

increase in Young's modulus as the mass fraction of QGO 

increased in the PVDF matrix. This was determined by the 

closer packing of molecules in the QGO/PVDF composite 

membranes having created a more stable framework [23]. 

Numerous functional groups present on QGO contributed to 

improved interactions at the interfaces, facilitating the transfer 

of polymer to QGO and influencing the van der Waals forces 

between the layers. These attributes aided in the easy dispersion 

of QGO within the polymer matrix. Previous studies confirmed 

the outstanding compatibility between GO and the PVDF 

polymer matrix at the interface [24]. This is in agreement with 

composite theory where inorganic fillers tend to increase the 

stiffness of composite materials. This statement is supported by 

Alasfar et al. [25] stating that the addition of inorganic particles 

into a polymer would result in an increase in elastic modulus or 

Young's modulus. Also, Essabir et al. [24] stated that the 

addition of inorganic particles into a polymer would result in 

the interaction between PVDF chains with inorganic graphene 

oxide filler causing an increase in the stiffness of the polymer 

matrix and an increase in elastic modulus or Young's modulus. 

Thus, the addition of QGO has significantly increased the 

mechanical stiffness of the PVDF membrane through the 

mechanism of particulate reinforcement. 

3.3. Membrane morphology analysis. 

Fig. 2 displays the surface morphology and cross-sectional 

views of the QGO-PVDF composite membrane system. As the 

amount of QGO added increased, a reduction in pore size was 

observed, particularly evident with the addition of 0.03 g (Q3) 

and 0.05 g (Q5) of QGO, as depicted in Fig. 2 (a-c). Fig. 2 (d-

f) illustrate that the PVDF membrane (Q0), QGO-PVDF 

membrane (Q3), and QGO-PVDF membrane (Q5) exhibited 

typical asymmetric structures, comprising a surface layer, 

finger-shaped pores, and sponge-shaped pores layer at the 

bottom. The addition of QGO led to an enhancement in 

membrane hydrophilicity, consequently improving the 

spreading or dispersal rates of organic solvents as well as water 

and resulting in accelerated membrane densification. However, 

the increased mass of QGO also elevated the solution viscosity, 

impeding the diffusion of organic solvents and water within the 

membrane and reducing the phase change rate. Consequently, 

the sponge-shaped pores of the membrane were substantially 

enlarged [26,27]. 

  

  

  

Fig. 2. SEM results of QGO-PVDF membrane surface and cross-section 

morphology: (a) Q0 surface, (b) Q3 surface, (c) Q5 surface, (d) Q0 cross-

section, (e) Q3 cross-section, (f) Q5 cross-section 
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This was also supported by Young's modulus results as 

presented in Table 2 showing an increase in Young's modulus 

values with increasing QGO mass. The strong interactions 

between QGO particles allowed the formation of particle 

agglomerates, thereby reducing the gaps and voids (pores) 

between QGO particles. The decrease in pore sizes restricted 

the mobility of PVDF molecular chains. The PVDF molecular 

chains became less capable of crossing each other due to the 

densely packed QGO particles acting as barriers. As a result, 

the QGO-PVDF membranes became stiffer and harder with 

increasing QGO mass. The stiffness and hardness of the 

material were reflected in its Young's modulus value. The 

greater the Young's modulus of a substance, the higher its 

stiffness and hardness. Consequently, the findings of this 

investigation suggested that the rise in QGO mass resulting in 

augmented pore density in the QGO-PVDF membranes 

correlated directly with the elevation in Young's modulus 

values. The two were interrelated and signified the improved 

rigidity and hardness of the material. 

According to the data on Young's modulus and AFM 

imaging, the Q5 membrane displayed an optimal overall 

performance. This membrane exhibited smaller pore 

dimensions and a more intricate porous configuration 

compared to the PVDF membrane (Q0), as evidenced in Fig. 5 

and 6. Consequently, the Q5 membrane demonstrated enhanced 

surface roughness versus the Q0 membrane. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3. 3D graph of QGO-PVDF membrane porosity: (a) Q0, (b) Q3, (c) Q5 

While SEM images revealed the existence of pores in the 

QGO-PVDF membrane, and the SEM apparatus was unable to 

quantify the precise percentage of porosity within the 

membrane. Hence, this study employed OriginPro 2018 

software to further determine the membrane's porosity using 

the SEM images. The origin software utilized physical 

formulae to calculate the porosity percentage and average 

sample size. The origin application yielded values for H max, 

H min, X, Y, and integral volume on solid polymer electrolyte 

samples [18,19]. These values were then used to compute the 

total volume, solid volume, the volume under the curve, pore 

volume, and the membrane porosity percentage. OriginPro 

2018 software generated a 3D graph of the membrane porosity 

(Fig. 3) with the QGO-PVDF membrane porosity values as 

presented in Table 3. 

Table.3 Porosity of QGO-PVDF Membrane 

Membrane PVDF (gram) QGO (gram) Porosity (%) 

Q0 2.7 0 66.91 

Q3 2.7 0.03 72.13 

Q5 2.7 0.05 74.72 

3.4. Membrane surface roughness analysis 

Fig. 4 and 5 provide the insights of the AFM images into the 

three-dimensional (3D) morphology and surface roughness of 

the membranes. Notably, the QO (PVDF) and Q5 samples 

exhibited the distinct forms of peaks and depressions on their 

modified surfaces. The inclusion of inorganic nanoparticles in 

the organic polymer casting solution heightened the 

thermodynamic instability of the solution, resulting in the 

formation of rugged valleys during the casting solution's phase 

transition [29]. The results showed that the pure PVDF 

membrane (Q0) exhibited the smoothest surface with an 

average roughness (Ra) measuring 62.4 nm and a root mean 

square roughness (Rq) measuring 77.6 nm. In contrast, Q5 

showed a significant increase in surface roughness with Ra 

measuring at 85.3 nm and Rq at 101.2 nm, compared to Q0. 

This increase in surface roughness was presumed to enlarge the 

surface area, thereby boosting the membrane flux, as 

demonstrated by the higher permeability values of pure water 

and Cu2+ solution on Q5 over Q0. Hence, it can be inferred that 

altering the composition of PVDF membranes may serve as a 

viable approach to improve membrane performance, especially 

regarding surface roughness and flux rate. This aligns with the 

discoveries made by Zhang et al. [30]. 

  

Fig. 4. The surface roughness of Q0 

  

Fig. 5. The surface roughness of Q5 

3.5. Evaluation of antibacterial properties of membrane 

It is widely recognized that quaternary ammonium salts 

(c) (b) 

(a) 
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possess a high density of positive charges and robust 

electrostatic interactions with the negatively charged 

membranes of bacterial cells. These compounds can penetrate 

bacterial cells via their alkyl chains, leading to bacterial 

inactivation [31]. To assess the antibacterial efficacy of both 

blank PVDF membranes and QGO-PVDF membranes, the disc 

diffusion method was employed. As depicted in Fig. 6, 

numerous bacterial colonies proliferated on the surface of blank 

PVDF membranes, whereas the QGO membranes exhibited 

considerably fewer colonies. The incorporation of QGO into 

the membranes resulted in the inhibition of bacterial colony 

growth. Notably, no distinct inhibition zone was observed 

around the QGO membranes, suggesting that the spread of 

bacteriostatic agents emitted by the membranes was limited. 

The presence of a larger inhibition zone typically indicated the 

loss of more readily diffusible antibacterial substances. As a 

carrier for quaternary ammonium salts, GO could be 

incorporated within the PVDF polymer membrane structure 

due to its irregular structure and hydrophobic carbon 

composition, thereby reducing the loss of QGO from the 

membrane surface. 

 

 

 

 

 

 

Fig. 6. Inhibitory zone of QGO-PVDF membrane 

As indicated in Table 4, the incorporation of QGO into 

QGO-PVDF membranes resulted in a rise in antibacterial 

efficacy, corresponding to the escalating proportion of QGO 

utilized in the composition. It was indicated by the results of 

antibacterial activity testing using the disc diffusion method, 

where the higher the composition of QGO in the membrane, the 

wider the bacterial growth inhibition zone (inhibitory zone) 

generated. The addition of quaternary ammonium groups 

through QGO could provide more antibacterial agents that 

could bind and penetrate the bacterial cell membrane, thereby 

inhibiting metabolism and growth. The primary mechanism 

believed to enhance the antibacterial effectiveness of the QGO-

PVDF membrane was attributed to the robust electrostatic 

interaction among the positive charged groups on QGO and the 

negative charged surface of bacterial cells. 

Table 4. Antibacterial activity of QGO-PVDF membrane against E. coli 

Membrane PVDF (gram) QGO (gram) 
Inhibitory Zone 

(mm) 

Q0 2.7 0 8.40 

Q1 2.7 0.01 13.93 

Q2 2.7 0.02 14.65 

Q3 2.7 0.03 15.32 

Q4 2.7 0.04 15.45 

Q5 2.7 0.05 15.62 

3.6. Water permeability test 

Fig. 7 shows that the pure water flow via the PVDF 

membrane (Q0) was 756.33 Lm−2h−1. The flux values with the 

addition of QGO to the membrane were 805.2, 898.82, 

1012.91, 1112.05, and 1208.25 Lm-2h-1 for membranes Q1, Q2, 

Q3, Q4, and Q5 respectively. The rise in flux was credited to 

the augmentation of hydrophilic groups: hydroxyl groups and 

quaternary ammonium, on the membrane surface owing to the 

inclusion of QGO. These hydrophilic functional groups 

attracted water molecules to the membrane surface, thereby 

facilitating their permeation through the membrane [25, 32]. In 

addition, membrane surface analysis using AFM 

characterization (Fig. 4, 5) showed a significant increase in 

surface roughness between Q0 and Q5. It was recognized that 

augmenting surface roughness could enlarge the effective 

filtration surface area of the membrane, thus aiding in the 

enhancement of membrane flux [25]. In summary, changes in 

water flux are associated with several factors, including 

hydrophilicity, surface roughness, pore dimensions, and 

porosity of the membrane. Therefore, changes in water flux are 

the result of a combination of these aspects. 
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Fig. 7. Water permeation of the membranes 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8. Cu2+ flux and rejection of the membranes 

3.7. Membrane flux and rejection properties test 

The QGO-PVDF membrane's permeability and selectivity 

towards Cu2+ were assessed using a CuSO4 solution. The 

gradual addition of QGO mass increased both flux and 

rejection, as depicted in Fig. 4. The Cu2+ membrane filtration 

flux exhibited a rise from 796.74 to 1275.4 Lm-2h-1 with the 

Q2 Q3 

Q4 

Q5 

Q1 
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incremental addition of QGO mass from Q0 to Q5. This 

escalation was mainly ascribed to the increased abundance of 

quaternary hydroxyl and ammonium groups, which results in 

improved hydrophilic characteristics. The hydrophilic 

functional groups attract Cu2+ ions, facilitating the passage of 

the solution through the membrane [33]. Specifically, 

membranes with QGO addition (Q1-Q5) demonstrated flux 

values 8.8-60% higher than pure PVDF membrane (Q0). The 

superior performance can be attributed to the presence of QGO. 

Simultaneously, the addition of QGO led to an increase in Cu2+ 

rejection from approximately 52.3% in pure PVDF (Q0) to 

75% in Q5. This heightened selectivity was primarily due to the 

quaternary hydroxyl and ammonium groups on the surface of 

QGO, which chelated with Cu2+ and enhanced the removal 

efficiency compared to the Q0 membrane. The adsorption of 

Cu2+ onto QGO occurred through ion exchange and surface 

complexation, with surface complexation being the dominant 

mechanism [25,34]. 

4. Conclusion 

Polyvinylidene fluoride (PVDF) membranes, when 

modified with quaternized graphene oxide (QGO), effectively 

act as modifiers, concurrently enhancing the water-attracting 

properties and antibacterial attributes of the membrane surface. 

While previous studies have proposed various methods for 

achieving dual-function hydrophilicity and antibacterial 

properties, many involve intricate post-membrane treatments 

such as zwitterion modification. In contrast, the blending 

method involving QGO, as outlined in this study, achieved 

membrane fabrication and dual-function surface alteration in a 

singular process, rendering it more practical and competitive 

for industrial applications. Additionally, the incorporation of 

QGO resulted in a significant improvement in the material's 

mechanical robustness and flux of the modified membrane. 

Furthermore, unlike many existing antibacterial modifiers, 

QGO exhibited minimal detachment from the membrane owing 

to its unique structure, ensuring the longevity of antibacterial 

properties in QGO-PVDF membranes for extended 

applications. 
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