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Abstract. Membrane fouling is still a great challenge in filtration process for wastewater treatment which limits its 

technical and economic performance. To prevent and control on fouling it is important to understand the filtration behaviour 

and fouling mechanism. In this study, a new graphene oxide-polyethersulfone nanocomposite (GPN) membrane is 

fabricated and later the performance and rejection of heavy metals removal were studied using a dead-end filtration system. 

The performance of the fabricated GPN membrane was measured by evaluating pure water flux, salt and heavy metals 

removal. Fouling mechanisms are investigated for lead-containing wastewater using pore blocking models. From the 

results, cake filtration was found to dominate all other filtration mechanisms with the highest R2 at all the applied 

transmembrane pressure. Furthermore, the experimental results confirmed that adding GO to the membrane improved pure 

water flux, and heavy metals removal, and can be used as a novel method for preparing high performance membranes in 

wastewater treatment.  
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INTRODUCTION 

Wastewater pollution related to heavy metals contamination is one of the major problems that led to environmental 

and health concerns worldwide which occur as a result of both natural and human activities [1, 2]. Heavy metals were 

identified as one of the inorganic pollutants found in significant amounts in industrial effluents discharges. The most 

common hazardous heavy metals such as arsenic, lead, copper, cadmium, chromium silver and other chemical 

pollutants need to be removed from wastewater effluent. Among those heavy metals, lead (Pb) is one of the common 

and most toxic pollutants in natural waters. Lead contaminations present in water sources are usually associated with 

mining industries such as petroleum mining, smelting, lead-acid battery manufacturing, fabrication of semiconductors 

and incineration of solid wastes [3]. In addition, according to Malaysia Environmental Quality Report (DOE, 2017), 

lead is one of the highest contaminants’ concentrations found in tested water and it falls under Class II risk of toxicity. 



Accumulation of lead in wastewater streams and long-term exposure of human bodies to lead makes them susceptible 

to a variety of infections and diseases including rising in blood pressure, kidney damage, brain damage, and 

behavioural disruption in children [4, 5]. Therefore, the treatment is necessary for lead removal from wastewater which 

can be used as part of a reuse and reclamation strategy or to help achieve the requirement of process water quality.  

The reuse of treated wastewater is the key access to discover new water resources. There are many ways to treat 

wastewater including adsorption, membrane filtration, chemical precipitation, ion exchange and electrodialysis [6, 7]. 

One of the widely used technology in treating wastewater is by using a membrane. Membrane technology was 

developed in the mid of 1980s and it is functioning as a physical barrier that allows wanted materials (permeate) to 

pass through while the unwanted constituents (retentate) to be retained on the membrane surface based on the 

molecular and pore sizes of the components and membrane, respectively [8]. The development of membrane 

technology plays a significant role in water/wastewater treatment due to its simplicity in operation, cost-effectiveness, 

high productivity, high removal capacity and scale-up easiness [9]. Moreover, membrane technology is an attractive 

approach for heavy metal removal due to the dual function of membrane adsorption and filtration [8]. To date, the 

incorporation of nanomaterials in membrane fabrication has proven to improve membrane performance. Thus, the 

integration of membrane technology and nanotechnology has further increased the effectiveness of adsorbent materials 

providing innovative systems to novel adsorptive/filtration membranes for improving wastewater treatment. 

Polymeric membranes have shown great promise in the separation and purification process in wastewater treatment 

due to their biocompatibility, structural flexibility and versatile surface chemistry [10]. However, the major limitation 

of conventional polymeric membrane technology in wastewater treatment is membrane fouling [11]. Moreover, the 

information on the fouling mechanism of heavy metals in the filtration behaviour of the modified membrane have not 

yet been elucidated. Therefore, by studying the fouling mechanism through pore blocking models, the gap in the 

membrane’s fouling propensity knowledge can be fulfilled.  Hence, highly motivated to contribute a subsequent new 

and robust method for modified membrane fabrication and its effective application, this study investigates the ability 

of the new graphene oxide polyetehrsulfone nanocomposite (GPN) membrane to remove heavy metals from 

wastewater and analyze their fouling mechanisms. 

 

MATERIALS AND METHOD 

Materials  

All reagents used for fabrication were analytical grade. Lead nitrate (PbNO3; 99%), iron sulfate (FeSO4: 98%) 

were purchased from R&M Chemicals. Copper sulfate (CuSO4; 98%) were supplied from Ajax Finechem and 

aluminium sulfate (Al2(SO4)3) were purchased from HmbG Chemicals.  Deionized water was used as the nonsolvent 

for polymer precipitation and sample preparation. The synthesized graphene oxide was used throughout the 

experiment.  

 

Experimental and Methodology 

Filtration experiments were conducted using a hand-made dead-end membrane filtration set-up which was 

fabricated specifically for this work, with variation of transmembrane pressure (TMP) and filtration time. The 

compaction step was carried out for 15 min at a pressure of 3 bars to obtain steadier solution flux and to remove 

residual chemicals. Membrane pure water flux was conducted for 20 min at a pressure of 3 bars. The permeate flux 

and permeability were calculated using Equations 1 and 2: 

 

𝐽𝑤 =
∆𝑉

𝐴∆𝑡
    (1) 

 

𝐽𝑝 =
∆𝑉

𝐴∆𝑡∆𝑃
    (2) 

 

where J is the measured permeate flux (L/m2 h), ΔV is the permeate cumulative volume (L), A is the effective 

membrane surface area (m2), Δt is the filtration duration (h) and ΔP is the pressure (bar). Then, analysis of filtration 



blocking mechanism was investigated according to the complete blocking, standard blocking, intermediate blocking 

and cake filtration models for the GPN membrane. The permeate volume at different filtration time data was recorded 

at each TMP, and the flux–time plots were used to evaluate the fouling propensity of the feedwater. The linearized 

version of the models was employed for evaluation of the pore blocking mechanism. From the models, the dominant 

model in the mechanisms with the best linearity with the experimental data was observed. 

To validate the applicability of GPN membrane, the simulated wastewater containing heavy metals were used in 

the treatment. In general, industrial effluent contains a variety of pollutants which is more than one of heavy metals. 

As a result, incorporating other heavy metals would serve as simulated real-world wastewater, allowing the hindrance 

of other metal ions to be determined utilizing the GPN membrane. In this study, the simulated industrial wastewater 

was prepared based on the real waste content as reported previously [12] and tested for the applicability of the GPN. 

The components of simulated wastewater from industrial wastewater were tabulated as in Table 1 which were 

according to previous findings from mining and semiconductor industries pertaining to the multi-metal ions system. 

The lead (Pb) ion concentration was mixed with other metals including iron (Fe), copper (Cu) and aluminium (Al). 

Then, the dead-end filtration was conducted as described above using the prepared simulated wastewater. Finally, the 

final concentration of the multi-metal elements was determined using Inductively coupled plasma mass spectrometry 

(ICPMS) and the removal efficiency were observed.  
 

 

TABLE 1 : Components of simulated wastewater containing heavy metals 

 

Component of heavy 

metal 

Pb Fe Cu Al 

Concentration (mg/L) 1.5 3.5 2 3 

 

RESULTS AND DISCUSSION 

The membrane performance was evaluated in terms of clean water flux, permeability and flux recovery ratio. The 

results are explained in the following sections.  

Membrane mean pore radius 

The mean pore radius of the membranes was measured since pore size distribution plays a crucial influence in 

membrane performance and permeability. The results are demonstrated in Figure 1 below. Based on the results of 

mean pore radius of the membranes presented in the Figure 1, GPN membrane showed an increase mean pore radius 

when compared to neat PES membrane, which is 47.5 nm and 31.1 nm for GPN and PES membranes, respectively.  

 

 
FIGURE 1: Mean pore radius of bare PES and GPN membranes. 

  

The value of mean pore radius for PES membrane is comparable with other studies in the range of 22.7- 32 nm 

(Dizge et al., 2017; Najjar et al., 2019). Meanwhile, the value of mean pore radius for GPN membrane in this study is 



higher than other GO-PES composite membranes which were 21.92 nm [13] and 24.1 nm [14]. The pore radius of the 

fabricated GPN membrane revealed that the addition of GO increases the pore radius [15, 16]. The addition of 

hydrophilic nanoparticles (GO) to the casting solution can decrease the thermodynamic stability of the casting solution 

(weakening the van der Waals interaction between the polymer and solvent molecules). This enabled the solvent 

molecules to diffuse rapidly from the polymer matrix to the coagulation bath and thus resulted in the formation of 

larger pore size and porosity structure of the polymer membrane [17]. In addition, other factors that controlled the 

pore size and pore distribution were the type and molecular weight of polymers, composition of polymer and phase 

inversion kinetics (evaporation time after casting) [18]. The mean pore radius of GPN membrane is favorable to 

membrane permeability; that membrane with higher porosity recorded higher water flux [15, 17, 19] as discussed in 

the next section. 

 

Clean water flux and permeability 

 

Clean water flux (CWF) was determined for both bare PES and GPN membrane at three different transmembrane 

pressure (TMP) which are 2, 2.5 and 3 bar. This was done to determine the level of fouling in the membranes in 

relation to the feedwater. Furthermore, these parameters are frequently required in filtration modelling and simulation 

based on the Hermia's pore blocking and Darcy's cake filtration models. From the graph shown in Figures 2 and 3, 

constant fluxes were obtained at each TMP in relation with filtration time for both PES and GPN membranes. This 

suggests that the deionized water employed in this research was devoid of particles that might have blocked the 

membrane pores. Furthermore, it was discovered that as TMP increased, the permeate volume of water increased, in 

accordance with Darcy's law of fluid flow through a porous medium (membrane). 

 

 

 From the plotted graph (Figure 2), the recorded water fluxes for bare PES membrane were 478, 442 and 338 L/m2h 

at TMP of 2, 2.5 and 3 bar, respectively. Meanwhile, water fluxes for GPN membrane (Figure 3) were 766, 718 and 

681 L/m2h at 2, 2.5 and 3 bar of TMP, respectively. The clean water permeability (CWP) is also measured for both 

membranes indicating GPN membrane has higher permeability compared to bare PES membrane.  At 3 bar of TMP, 

the CWP are 1851 and 2150.36 L/m2h.bar for PES and GPN membranes, respectively. Therefore, it was suggested 

that the latter result exhibited higher water flux and permeability due to increased porosity and more hydrophilicity as 

reported from previous studies [16, 20]. 

 

 
FIGURE 2: Clean water flux graph for PES membrane at different TMP 
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FIGURE 3 : Clean water flux graph for GPN membrane at different TMP 

 

 

In addition, the low pure water flux value is obtained for pure PES membrane due to membranes very tight polymer 

matrix is formed, thus the pores formed on the membrane surface will be in smaller size. When the GO is added in 

the membrane, CWF showed an increased value. Increase in the CWF could be due addition of nanoparticles GO, has 

been confirmed to systematically increase the average pore size of the membrane [21, 22].  

Removal of Pb by GPN membrane  

 

The filtration process was then conducted GPN membrane at different TMP utilizing 100 ppm of lead solution as 

inlet feed using dead-end filtration system to investigate the GPN membrane permeation performance.  The 

experiments were triplicated, and the average values of the flux vs time were plotted. From the graphs, it was observed 

that higher TMP generated higher fluxes for the whole filtration time. The permeation flux of GPN membrane (Figure 

4) sharply decreased with time at the onset of the filtration, but the flux gradually attained stability and was almost 

constant after 40 min.  

 

 
FIGURE 4: Effect of TMP of permeation flux of PES membrane 
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Fouling Mechanism Analysis 

The phenomenon of decreasing flux with time is commonly used to describe membrane fouling. However, the 

flux–time plots of the filtration tests do not adequately depict the fouling tendencies of the feed on the membranes. 

Thus, the fouling mechanism of the feed on the GPN membrane was further analyzed using the improved Hermia law 

of blocking filtration. Four models were used to investigate the filtration blocking mechanisms of the membrane which 

were complete blocking, standard blocking, intermediate blocking and cake filtration models and the linearized models 

follow the mathematical relation as in Equations 1 to 4, respectively [23–25]: 

𝑸 = 𝑸𝒊 −   𝑲𝒃𝑽   (3) 

 

where Q is the volumetric permeate flow rate (L/h), Qi is the initial volumetric permeate flow rate (L/h), V represents 

the permeate volume (L) and Kb is the filtration constant for complete blocking model. 

 

√𝑸 = √𝑸𝒊 − (
𝑲𝒔  𝑽 √𝑸𝒊

𝟐
)  (4) 

 

Where Ks in the equation represents the model constant for standard pore blocking which is derived from the slope of 

the plot and the value of Qi, the volumetric flow rate of eluent is represent by the intercept of the plot.  

 
𝟏

𝑸
 = 𝑲𝒊𝒕 + 

𝟏

𝑸𝒊
   (5) 

 

where t is the filtration time, and Ki represents the intermediate blocking model constant which is derived from the 

slope and Qi is the intercept of the experimental plot. 
𝟏

𝑸
=

𝟏

𝑸𝒊
+ 𝑲𝒄𝑽    (6) 

 

where Kc is the constant for cake filtration model which is derived from the slope of linearized plot and Q i is the 

intercept of the graph. The constant-pressure filtration blocking models were fitted to each of the filtration experiments 

performed at constant TMP of 2, 2.5 and 3 bar for GPN membrane used in this study. The linearized plot for all models 

were shown in Figures 5, 6 and 7. 

 

 
FIGURE 5: Pore blocking models plot for GPN membrane at 2 bar 

 



 
FIGURE 6: Pore blocking models plot for GPN membrane at 2.5 bar. 

 

 

 
FIGURE 7: Pore blocking models plot for GPN membrane at 3 bar. 

 

   According to the model values, filtration stability at 2 bar was found to be relatively close to that at 3 bar, particularly 

in the case of cake filtration and intermediate blocking models (Table 2). However, the best fitting condition (2 bar) 

was chosen on the basis of the highest R2 values in order to keep the fouling and flux of the filtration process in 

balance. Despite having a higher TMP results in greater permeate flux before a critical or limiting flux is established, 

such TMPs will invariably result in increased energy consumption. 



 
TABLE 2: Linear regression values for pore blocking models of GPN membrane 

 

It is evident from the Table 2 that cake filtration dominated all other filtration mechanisms with the highest R2 at all 

the applied TMPs. Before the cake filtration prevailed, other blocking mechanisms (complete, standard, and 

intermediate blocking models) played a minor role in pore blocking. This phenomenon indicates that the process may 

be able to accommodate longer filtration times because the residual foulants will not completely block the membrane 

pores but instead, will form cake layers that will act as a secondary filter for the filtration process. 

 

 

Multi-metal ions rejection 

 

To validate the applicability of GPN membrane on the multi metal ions rejection, the filtration was conducted 

using simulated wastewater. Generally, metal ions removal from aqueous solutions is attributed to two types of 

interactions which are electrostatic and Van der Waals. The electrostatic interaction is related to the surface charges 

formed on the absorbent surface, whereas the Van der Waals interaction is related to the coordination of functional 

groups with metal ions [26]. In the formation of GO, the graphite carbon network with sp2 hybridization is severely 

disrupted, and then the carboxyl groups are positioned at the edges. Therefore, metal ions can be coordinated due to 

the presence of OH and COOH groups in GO. Metal ions compete each other for these interactions when dealing with 

nanocomposites. Metal ions are eventually eliminated through a three-step method that involving external diffusion, 

diffusion into the nanocomposite, and adsorption in the nanocomposite [16]. The results of the multi metal ions 

rejection showed in the order of Pb > Al > Cu > Fe as illustrated in Figure 8. The highest and lowest removal percentage 

is related to Pb and Fe, respectively. 

 

 
FIGURE 8: Heavy metals rejection using GPN membrane 

 

 

TMP R2 of filtration models 

Complete 

blocking 

Standard 

blocking 

Intermediate 

blocking 

Cake filtration 

2 bar 0.6081 0.736 0.9473 0.9609 

2.5 bar 0.4738 0.5927 0.8776 0.8816 

3 bar 0.5432 0.6733 0.9317 0.9329 



CONCLUSION 

In conclusion, the new fabricated GPN membraned demonstrated enhanced performance pertaining to its 

permeation flux and Pb ions removal. Linear fitting of single membrane fouling models to experimental data showed 

good linearity (R2 > 0.96) of cake filtration model. The cake layer model mechanism indicating that the process may 

be able to accommodate longer filtration times. This study also employed simulated wastewater containing multi-

elements of heavy metals ion to validate the applicability of the GPN membrane in real wastewater treatment. The 

removal percentage of heavy metals rejection in descending order of Pb, Al, Cu and Fe were 94, 67,63 and 43%, 

respectively. Therefore, the utilization of GPN membrane will ultimately help reduce metal and preserve our 

diminishing freshwater worldwide so that the treated wastewater to become a significant source of clean water. 

ACKNOWLEDGMENTS 

This work was partially supported by the Ministry of Higher Education (MOHE) Malaysia through a Fundamental 

Research Grant Scheme (FRGS), project no. FRGS-19-194-0803. 

REFERENCES 

 

1.  Ihsanullah, Abbas A, Al-Amer AM, Laoui T, Al-Marri MJ, Nasser MS, Khraisheh M, Atieh MA (2016) 

Heavy metal removal from aqueous solution by advanced carbon nanotubes: Critical review of adsorption 

applications. Sep Purif Technol 157:141–161 

2.  Daniel R, Kawasaki N (2016) The Distribution of Heavy Metals and Nutrients along Selangor River and its 

Adjacent Mining Ponds , Malaysia. 3:3–6 

3.  Ali I, Basheer AA, Mbianda XY, Burakov A, Galunin E, Burakova I, Mkrtchyan E, Tkachev A, Grachev V 

(2019) Graphene based adsorbents for remediation of noxious pollutants from wastewater. Environ Int 

127:160–180 

4.  Assi MA, Hezmee MNM, Haron AW, Sabri MYM, Rajion MA (2016) The detrimental effects of lead on 

human and animal health. Vet World 9:660–671 

5.  Tiwari S, Tripathi IP, Gandhi M, Gramoday C, Tiwari H (2013) Effects of Lead on Environemnt. Int J 

Emerg Res Manangemnet Technol 2:1–5 

6.  İnce M, Kaplan İnce O (2017) An Overview of Adsorption Technique for Heavy Metal Removal from 

Water/Wastewater: A Critical Review. Int J Pure Appl Sci 3:10–19 

7.  Xu J, Cao Z, Zhang Y, Yuan Z, Lou Z, Xu X, Wang X (2018) A review of functionalized carbon nanotubes 

and graphene for heavy metal adsorption from water: Preparation, application, and mechanism. 

Chemosphere 195:351–364 

8.  Khulbe KC, Matsuura T (2018) Removal of heavy metals and pollutants by membrane adsorption 

techniques. Appl Water Sci 8:19 

9.  Abdullah N, Yusof N, Lau WJ, Jaafar J, Ismail AF (2019) Recent trends of heavy metal removal from 

water/wastewater by membrane technologies. J Ind Eng Chem 76:17–38 

10.  Voelcker N., Peter-Simon B, Shiohara A (2021) Porous polymeric membranes: fabrication techniques and 

biomedical applications. J Mater Chem B 9:2129–2154 

11.  Zahid M, Rashid A, Akram S, Rehan ZA, Razzaq W (2018) A Comprehensive Review on Polymeric Nano-

Composite Membranes for Water Treatment. J Membr Sci Technol 08:1–20 

12.  Onundi YB, Mamun AA, Al Khatib MF, Al Saadi MA, Suleyman AM (2011) Heavy metals removal from 

synthetic wastewater by a novel nano-size composite adsorbent. Int J Environ Sci Technol 8:799–806 

13.  Junaidi NFD, Othman NH, Shahruddin MZ, Alias NH, Marpani F, Lau WJ, Ismail AF (2020) Fabrication 

and characterization of graphene oxide–polyethersulfone (GO–PES) composite flat sheet and hollow fiber 

membranes for oil–water separation. J Chem Technol Biotechnol 95:1308–1320 

14.  Dizge N, Gonuldas H, Ozay Y, Ates H, Ocakoglu K, Harputlu E, Yildirimcan S, Unyayar A (2017) 

Synthesis and performance of antifouling and self-cleaning polyethersulfone/graphene oxide composite 

membrane functionalized with photoactive semiconductor catalyst. Water Sci Technol 75:670–685 

15.  Mahmoudi E, Ng LY, Ang WL, Chung YT, Rohani R, Mohammad AW (2019) Enhancing Morphology and 

Separation Performance of Polyamide 6,6 Membranes By Minimal Incorporation of Silver Decorated 



Graphene Oxide Nanoparticles. Sci Rep 9:1–16 

16.  Marjani A, Nakhjiri AT, Adimi M, Jirandehi HF, Shirazian S (2020) Effect of graphene oxide on modifying 

polyethersulfone membrane performance and its application in wastewater treatment. Sci Rep 10:1–11 

17.  Zinadini S, Zinatizadeh AA, Rahimi M, Vatanpour V, Zangeneh H (2014) Preparation of a novel antifouling 

mixed matrix PES membrane by embedding graphene oxide nanoplates. J Memb Sci 453:292–301 

18.  Aryanti PTP, Subagjo S, Ariono D, Wenten IG (2015) Fouling and rejection characteristic of humic 

substances in polysulfone ultrafiltration membrane. J Membr Sci Res 1:41–45 

19.  Liu X, Ma R, Wang X, Ma Y, Yang Y, Zhuang L, Zhang S, Jehan R, Chen J, Wang X (2019) Graphene 

oxide-based materials for efficient removal of heavy metal ions from aqueous solution: A review. Environ 

Pollut 252:62–73 

20.  Junaidi NFD, Khalil NA, Jahari AF, Shaari NZK, Shahruddin MZ, Alias NH, Othman NH (2018) Effect of 

Graphene Oxide (GO) on the Surface Morphology & Hydrophilicity of Polyethersulfone (PES). IOP Conf 

Ser Mater Sci Eng. https://doi.org/10.1088/1757-899X/358/1/012047 

21.  Junaidi NFD, Othman NH, Shahruddin MZ, Alias NH, Lau WJ, Ismail AF (2019) Effect of graphene oxide 

(GO) and polyvinylpyrollidone (PVP) additives on the hydrophilicity of composite polyethersulfone (PES) 

membrane. Malaysian J Fundam Appl Sci 15:361–366 

22.  Sali S, Mackey HR, Abdala AA (2019) Effect of graphene oxide synthesis method on properties and 

performance of polysulfone-graphene oxide mixed matrix membranes. Nanomaterials. 

https://doi.org/10.3390/nano9050769 

23.  Amosa MK, Jami MS, Alkhatib MFR, Majozi T (2016) Studies on pore blocking mechanism and technical 

feasibility of a hybrid PAC-MF process for reclamation of irrigation water from biotreated POME. Sep Sci 

Technol 51:2047–2061 

24.  Iritani E (2013) A Review on Modeling of Pore-Blocking Behaviors of Membranes During Pressurized 

Membrane Filtration. Dry Technol 31:146–162 

25.  Mohammadi T, Kazemimoghadam M, Saadabadi M (2003) Modeling of membrane fouling and flux decline 

in reverse osmosis during separation of oil in water emulsions. Desalination 157:369–375 

26.  Nasir AM, Goh PS, Abdullah MS, et al (2019) Adsorptive nanocomposite membranes for heavy metal 

remediation: Recent progresses and challenges. Chem Eng J 389:96–112 

 

 

 


