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 In this study, graphene oxide (GO) nanoparticles were synthesized from a 

graphite precursor using a simplified Hummer method, and their surfaces were 

functionalized with chitosan to improve their dispersion and compatibility with 

the polymer matrix. The functionalized nanoparticles were then incorporated 

into polyethersulphone (PES) membranes to enhance their properties and 

provide mixed-matrix membranes. For the fabrication of the polyethersulfone 

membranes and their performance, an experimental design was performed 

using Minitab 17 software, applying the Taguchi method with an L9 orthogonal 

array. The parameters influencing membrane performance, including the 

polymer and GO concentrations in the membrane casting solution and 

operating pressure during the separation process, were selected at three levels. 

The results showed that increasing the polymer concentration enhanced Cu 

removal but reduced the permeate flux, whereas higher pressure increased the 

flux but decreased the separation efficiency. In addition, contour plots 

representing the permeate flux and Cu removal% as a function of the polymer 

concentration and the operating pressure indicated that the maximum Cu 

removal (> 70 wt. %) occurred within the pressure range of 6 to 6.2 bar and 

polymer concentration of 18 to 20 wt.% in the casting solution. 
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1. Introduction 

Industrial wastewater contains various organic and 

inorganic pollutants. Among them, heavy metals 

can be toxic and carcinogenic, and some can 

create poisonous compounds even at very low 

concentrations [1-3]. One of the biggest challenges 

with environmental heavy metal pollution is the 

difficulty in removing heavy metals from 

wastewater because of their high mobility and 

nonbiodegradability [4, 5]. Copper is an essential 

heavy metal, and its compounds are widely used in 

various industries [6-9], with concentrations of up 

to 500 ppm [8]. However, the EPA allows a 

maximum of 1.3 ppm of copper in industrial 

wastewater [10, 11]. Conventional methods for 

organic compound removal cannot eliminate 

metals because metal removal requires altering 

https://creativecommons.org/licenses/by/4.0/
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their chemical states through specific processes 

[3]. Various physicochemical methods, like 

adsorption and ion exchange, have been proposed 

for heavy metal removal; however, many of these 

methods face economic and technical challenges 

[12-15]. Recently, membrane technology has 

become popular because of its ease of use [16, 17]. 

This modern system effectively eliminates heavy 

metals using techniques such as reverse osmosis 

and ultrafiltration [14, 18]. Mixed-matrix 

membrane separation also has widespread 

applications in various fields, particularly water 

and wastewater treatment, due to its effective 

purification and economic, social, and 

environmental benefits [19, 20]. Numerous 

research efforts have investigated the use of 

membrane filtration techniques to remove heavy 

metal ions [21-26]. Hasan and Hassoon used 

polytetrafluoroethylene hydrophobic (PTFE) and 

acrylic copolymer (HCP) to remove Cu ions from 

wastewater [27]. Nawaz et al. comprehensively 

investigated the extraction of Cu ions using a tri-

ethanolamine/cyclohexanone-based supported 

liquid membrane (SLM) [28]. Yang et al. developed 

a detailed mechanism for Cu-ion transport from 

ammoniacal wastewater using a hollow fiber-

supported liquid membrane (HFSLM) system [29]. 

Bouguerra et al. investigated the use of supported 

liquid and polymer inclusion membranes (PIMs) for 

Cu transport in a continuous extraction-re-

extraction system [30]. Akale and Shaikh 

comprehensively examined the permeability and 

separation capabilities of polysulfone mixed matrix 

membranes with Al2SiO6 powder [31].  

Khodabakhshi and Goodarzi fabricated an 

innovative ternary mixed matrix membrane based 

on polyethersulfone/sulfonated 

polyethersulfone/organically modified nanoclay 

and studied its ability to remove heavy metals from 

wastewater [32]. Nasr et al. successfully fabricated 

mixed matrix forward osmosis membranes using 

polyethersulfone and GO nanosheets and 

evaluated their performance for water desalination 

applications [33]. Polyethersulfone is a widely used 

commercial polymer exhibiting high mechanical 

and thermal stability, resistance to heat aging, 

environmental durability, and ease of processing 

[34]. However, the hydrophobic nature of PES 

results in low membrane flux and significant 

fouling problems [35]. Physical or chemical 

modifications are required to enhance the 

hydrophilicity of PES membranes. GO, as a 

promising carbon-based material, offers a large 

surface area, excellent mechanical strength, and 

outstanding hydrophilicity, making it an ideal 

candidate for modifying polymeric membranes 

[36, 37]. The exceptional hydrophilicity of GO is 

attributed to the presence of various oxygen-

containing functional groups on its surface: 

hydroxyl, epoxide, carbonyl, and carboxyl groups. 

According to published research, functionalizing 

GO can also significantly enhance its selectivity for 

adsorption, increase its adsorption capacity, 

especially for various heavy metal ions, and 

facilitate the separation of spent GO from water 

[38-39]. This study focuses on fabricating 

polyethersulfone membranes and mixed-matrix 

membranes using synthesized GO nanoparticles 

functionalized with chitosan and investigating 

their performance in Cu removal from wastewater. 

This study presents a novel approach to Cu removal 

from wastewater using polyethersulfone-GO 

nanoparticles functionalized with a chitosan 

membrane. To our knowledge, this is the first time 

such a membrane has been synthesized and 

evaluated for this specific purpose. 

2. Experimental Work 

2.1. Materials  

The polyethersulfone with a molecular weight of 

58,000 Daltons was obtained from BASF, Germany. 

The N, N-dimethylacetamide (DMA) and copper 

(II) chloride dehydrate were procured from Merck, 

Germany, and the chitosan with a medium 

molecular weight from Sigma-Aldrich, USA. The 

sulfuric acid (purity ≥ 98%), potassium 

permanganate (high purity), and graphite (fine 

powder extra pure) used to produce the membrane 

were acquired from Merck, Germany. All chemical 

substances were used in their received form 

without any additional purification processes. 

Additional equipment used included an oven, 

digital scale, ultrasonic bath, magnetic stirrer, 

membrane film-casting rod, coagulation bath, 

other auxiliary equipment for membrane 

manufacturing, and a module device for evaluating 

membrane performance. 
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2.2. Method 

2.2.1. Preparation of Chitosan-Modified Graphene 

Oxide Nanoparticles 

To synthesize the GO using a simplified Hummer 

method, 2 g of pure graphite was added to 46 ml of 

98% sulfuric acid and placed in an ice bath 

maintained at a temperature below 10°C. After 

stirring for 15 min, 6 g of potassium permanganate 

was slowly introduced into the mixture under high-

speed stirring, which was continued for 7 h. The 

agitation process was sustained for an extended 

duration of 30 min. The temperature of the bath 

was then increased to 35°C, and the mixture was 

stirred for 1 h. To dilute the mixture, 400 ml of 

distilled water was gradually added while stirring 

for 30 min. Subsequently, 20 ml of 30% hydrogen 

peroxide was slowly added, and mixing was 

continued for another 30 min, during which the 

solution briefly turned bright yellow. To remove ions 

and increase the pH, the mixture was washed with 

10% hydrochloric acid and distilled water, stirred 

for one hour, and then left to stand for 

approximately four hours. The resulting solid 

product, graphene oxide, was separated from the 

liquid phase by filtration. The GO was then dried in 

an oven at 50°C for 2 h. Next, the dried GO was 

placed in an ultrasonic bath with 2 ml of ethanol 

for 1 h. Then, 0.3 mg of the prepared chitosan 

nanoparticles were added to this solution, and the 

mixture was stirred for 20 h. The product was 

washed and dried at 80°C for 16 h [40-42] . 

2.2.2 Experimental Design by the Taguchi Method 

For the PES membrane fabrication, an 

experimental design was performed using Minitab 

17 software, applying the Taguchi method with an 

L9 orthogonal array. Three key parameters 

influencing membrane separation, including the 

polymer and GO percentages in the membrane 

casting solution and the operating pressure during 

separation, were selected at three levels: a) 15%, 

18%, and 21% for polymer percentage; b) 0%, 

0.3%, and 0.7% for nanoparticle percentage; and 

c) 6, 8, and 10 bar for operating pressure. The 

experimental design results are presented in Table 

1.  

Table 1. Results of the experimental design using the 

Taguchi method. 

Experiment No. 
Polymer 

wt.% 

Graphene 

wt.% 

Pressure 

(bar) 

1 15 0 6 

2 15 0.3 8 

3 15 0.7 10 

4 18 0 8 

5 18 0.3 10 

6 18 0.7 6 

7 21 0 10 

8 21 0.3 6 

9 21 0.7 8 

According to Table 1, membrane solutions, 

including three pure polymer solutions and six 

polymer solutions containing GO NPs, were 

prepared using the following method [42].  

2.2.3. Membrane Fabrication 

Polyethersulfone was first dried at 80°C for 4 h to 

fabricate the mixed-matrix membrane. To prepare 

solutions without GO, the polymer was added to 

DMA and stirred for 24 h with heating. In the case 

of GO-containing solutions, the GO was first added 

to the solvent and placed in an ultrasonic bath for 

10 min to ensure the complete dispersion of the 

nanoparticles. Afterward, polyethersulfone was 

added to the suspension, stirred for 24 h using a 

magnetic stirrer, and left for 24 h to remove any 

bubbles from the solution [42].  

To enhance the mechanical strength of the 

membrane, a polyester sheet was used as a support 

on a glass, with four layers of adhesive applied 

around it, to achieve the desired thickness. The 

polymer solution was then poured on this support, 

and a filming device was uniformly drawn across 

the polymer solution at a constant speed. 

Immediately after film formation, the membrane 

was transferred to a coagulation bath containing 

distilled water (non-solvent bath). Once the 

membrane had been created and separated from 

the glass, it was placed in a distilled water bath for 

24 h to remove the solvent from its structure. The 

membrane was then dried in an oven at 100°C. 

2.2.4. Membrane Evaluation Methods 

The morphologies, pore sizes, and effects of the GO 

nanoparticles on the membrane structure were 

investigated to evaluate the performance of the 
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fabricated membranes. For this purpose, the 

surface morphologies of the membranes were 

analyzed using scanning electron microscopy 

(SEM). The membrane sheets were placed in a 

module, and a reverse-osmosis membrane system 

consisting of a feed tank, pump, control valve, 

flowmeter (1), pressure gauge, membrane module, 

and flowmeter (2) was then assembled for this 

purpose, as seen in Figure 1. 

A feed solution containing 150 ppm of Cu ions was 

passed through the membrane system under the 

experimental design conditions. Samples were 

diluted with deionized water to Cu concentrations 

ranging from 0.05 to 5 ppm. Copper ion 

concentrations were then measured using atomic 

absorption spectrometry at a wavelength of 324.7 

angstroms, according to ASTM D1688. The Cu 

removal efficiency was calculated by measuring 

the concentration of Cu ions in the permeate using 

an atomic absorption device. 

 

Fig.1. Reverse osmosis setup used for Cu separation from 

water by the membrane. 

2.2.5. Statistical Analysis 

The Design of Experiments (DOE) approach was 

conducted using Minitab software (Version 17) to 

plan and analyze the experiments systematically. 

The collected data were evaluated for normality 

and homogeneity of variance.  

Analysis of variance (ANOVA) was performed to 

determine the significance of the experimental 

factors and their interactions. The p-values were 

assessed at a confidence level of 95% (α = 0.05) to 

identify statistically significant effects. 

Additionally, R² and adjusted R² values were 

examined to assess the goodness of fit of the 

statistical model. 

All statistical and graphical analyses were 

performed using Minitab, ensuring reliable 

interpretation of the experimental data. 

3. Results and Discussion  

3.1. Morphology of Prepared Membranes 

The SEM images showed that the membrane 

consisted of an upper, middle, and bottom layer. 

The upper layer was dense and relatively smooth, 

with a few voids where filtration occurred. The 

middle layer featured a finger-like structure that 

supported the upper filtration layer and the bottom 

layer. Some walls in the middle layer contained 

micro-holes, while others were relatively smooth 

and solid. The solution containing heavy metals 

penetrated the outer surface and became trapped 

within the membrane pores, effectively preventing 

the passage of heavy metal compounds through 

the membrane. The presence and uniform 

dispersion of nanoparticles within the pores and 

membrane matrix resulted in smaller pore sizes. 

This modification enhanced the membrane’s ability 

to block heavy metal molecules, thereby improving 

the separation efficiency. However, the 

introduction of nanoparticles also led to a 

reduction in flux compared with membranes made 

from pure polymers. Figure 2a, b show cross-

sectional SEM images of membranes prepared from 

a casting solution containing 18 wt.% 

polyethersulfone, without and with 0.7 wt.% GO 

nanoparticles, respectively. 

3.2. Investigating Membrane Performance  

The membrane performance was systematically 

examined using an experimental framework 

predicated on the Taguchi methodology. The 

parameters of operation were comprised of 

polymer concentration levels (15%, 18%, 21%), 

concentrations of GO nanoparticles (0.0%, 0.3%, 

0.7%), and applied operational pressures (6, 8, 10 

bar), each evaluated at three distinct levels. The 

experimental trials were executed to evaluate the 

percentage of Cu removal, which was ascertained 

by comparing the initial concentration of Cu ions in 

the feed solution with that in the permeate, using 

an atomic absorption spectrophotometer. The 

findings are summarized in Table 2. Agitation was 

sustained for an additional 30 minutes. All reagents 

were used as received without further purification. 

For scrutinizing the experimental outcomes, 

statistical methodologies alongside outputs 

derived from Minitab software were employed to 

analyze variance (ANOVA). The influences of 
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polymer concentration, GO nanoparticle 

concentration, and operational pressure on the 

membrane efficacy during the separation of Cu 

ions from aqueous solutions were systematically 

investigated. The R-squared (R-sq.) and adjusted 

R-squared (R-sq. (adj)) metrics are delineated in 

Table 3, and the corresponding p-values are 

elucidated in Table 4. The R-squared value of 

91.09% indicated that the statistical model 

conformed to the experimental data and 

effectively elucidated the outcomes. The adjusted 

R-squared value (R-sq(adj)) of 85.75% 

demonstrated that despite the complexity of the 

model, the results were sufficiently elucidated. 

Furthermore, according to the regression results 

delineated in Table 4, the polymer and GO 

concentrations and operating pressure were 

identified as the principal factors affecting the 

membrane performance in Cu removal. The p-

values of 0.011, 007, and 0.01 for the polymer 

concentration, GO concentration, and operating 

pressure indicated a statistically significant impact 

on the membrane performance with a high degree 

of confidence. The analysis of variance for water 

permeate flux through the membrane is shown in 

Table 5, 6.  

  
(a) (b) 

Fig. 2. Cross-sectional SEM images of membranes prepared from a casting solution containing 18 wt.% 

polyethersulfone a) without GO nanoparticles and b) with 0.7 wt.% GO nanoparticles. 

Table 2. Results of Cu removal and fluid flux under the experimental design conditions. 

Exp. No. Polymer wt.% GO wt.% Pressure (bar) Cu removal wt.% Flux through mem. (L/hr.m2
) 

1 15 0 6 58.2 216.5 

2 15 0.3 8 59.3 237 

3 15 0.7 10 60.1 244 

4 18 0 8 61 220 

5 18 0.3 10 59.3 247 

6 18 0.7 6 70.5 176 

7 21 0 10 60 200 

8 21 0.3 6 67.1 145 

9 21 0.7 8 66.2 168 

Table 3. Model summary for Cu removal%. 

S R-Sq R- Sq(adj) 

2.6592 91.09% 85.75% 

Table 4. Analysis of variance for Cu removal%. 

Source DF Adj SS Adj MS F-Value P-Value 

Regression  3 138.47 46.157  0.005 

Polymer% 1 41.08 41.082 20.07 0.011 

GO% 1 52.56 52.562 5.00 0.007 

P 1 44.83 44.827 15.87 0.01 

Residual Error 5 13.54 2.708   

Total 8 152.01    
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Table 5. Model summary for water permeate flux. 

S R-Sq R- Sq(adj) 

9.77114 95.45% 92.72% 

Table 6. Analysis of variance for water permeate flux through membrane. 

Source DF Adj SS Adj MS F-Value P-Value 

Regression  3 10015.8 3338.62 34.97 0.001 

Polymer% 1 5673.4 5673.37 59.42 0.001 

GO% 1 415.4 415.43 4.35 0.091 

P 1 3927,0 3927.04 41.13 0.001 

Residual Error 5 477.4 95.48     

Total 8 10493.2       

 

  
(a) (b) 

Fig. 3. Main effects plot for the signal-to-noise (S/N) ratio related to a) the Cu removal% from water by membrane 

and b) the water permeate flux. 

The R-squared value of 95.45% signified that the 

statistical model conformed to the experimental 

data. Furthermore, the polymer and operating 

pressure had a highly significant effect on water 

permeate flux, whereas the GO concentration was 

not statistically significant at the 0.05 level (p > 

0.05). 

Figure 3a, b illustrate the main effects plots for the 

signal-to-noise (S/N) Ratios for Cu removal% and 

water permeate flux, depicting the effect of each 

parameter on membrane performance. The signal-

to-noise ratio followed the "Larger is Better" 

criterion, indicating that higher values 

corresponded to more effective copper removal. 

The pronounced positive gradient observed in the 

polymer and GO concentration graphs implied that 

fluctuations in polymer and GO concentrations 

exerted a substantial influence on the signal-to-

noise (S/N) ratio in Cu removal, hence indicating 

that an increase in polymer or GO concentration 

correlated with improved membrane efficacy. In 

contrast, the observed negative gradient in the 

signal-to-noise (S/N) ratio graph as a function of 

pressure suggested that an elevation in pressure 

resulted in a corresponding decline in the S/N ratio; 

stated differently, an increase in operational 

pressure engendered adverse repercussions on the 

performance of the system. This phenomenon 

might be attributed to excessive pressure, which 

could induce heightened noise or instability within 

the process, ultimately compromising the efficacy 

of the membrane in the separation of copper ions. 

These results aligned with previously examined p-

values. 

The pronounced negative gradient in the polymer 

concentration and positive gradient in the pressure 

graphs implied that fluctuations in polymer 

concentration and pressure exerted a substantial 

influence on the signal-to-noise (S/N) ratio in the 

water permeate flux. The negative and relatively 

gentle gradient of the GO nanoparticle 

concentration graph indicated that the proportion 
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of nanoparticles did not exert a notable impact on 

the S/N ratio in water flux. 

Figure 4a, b delineate the main effects plot for 

means related to Cu removal and water permeate 

flux, which encapsulated the average influence of 

each parameter on the permeate flux across the 

membrane. 

As evidenced by the findings, there exists a 

concordance within the confidence intervals 

pertaining to the polymer concentrations of 15% 

and 18%, as well as across all three levels of GO 

concentrations and applied pressures within the Cu 

removal representations. This concordance implies 

that no statistically significant distinctions are 

present among these levels.  

In the water permeate graphs, the pronounced 

negative gradient observed in the polymer 

concentration indicated that the mean permeate 

flux experienced a substantial decline as polymer 

concentration increased. This phenomenon implied 

that elevated polymer concentrations promoted a 

more compact membrane architecture 

characterized by reduced pore dimensions, 

consequently impeding permeation through the 

membrane. The mild negative gradient associated 

with the GO nanoparticle concentration implied 

that the GO nanoparticles exerted a negligible 

detrimental influence on the mean permeate flux. 

This observation might be attributable to the 

relatively low proportion of nanoparticles, which 

were unlikely to cause significant modifications to 

the membrane architecture. In contrast, the 

pronounced positive gradient associated with the 

operating pressure signified that an increase in the 

operating pressure considerably enhanced the 

permeate flux. This phenomenon was expected as 

elevated pressure intensified the driving force 

across the membrane, thereby augmenting the 

flow efficiency. Figure 5a, b, c and Figure 6a, b, c 

show the interval plots for Cu removal and water 

permeate flux.

  
(a) (b) 

Fig. 4. Main effects plot for Means for a) Cu removal% and b) water permeate flux through membrane 

   
(a) (b) (c) 

Fig. 5. The interval plots for Cu removal percentage as a function of a) polymer concentration, b) GO concentration, 

and c) process pressure 
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(a) (b) (c) 

Fig. 6. The interval plots for permeate flux as a function of a) polymer concentration, b) GO concentration, and c) 

process pressure. 

The interval plots for Cu removal and permeate flux 

show the following: 

1) As the polymer concentration increased, the 

mean Cu removal efficiency increased up to a 

certain point. Beyond the optimal range, the 

intervals slightly overlapped, indicating a 

diminishing effect at high concentrations. This 

result was consistent with the regression results, in 

which the polymer concentration had a positive but 

moderate effect. The highest flux was observed at 

a polymer concentration of 15%, whereas 

increasing the polymer concentration to 21% 

resulted in a decrease in flux due to an increase in 

the membrane structure density and a decrease in 

its porosity and permeability. 

2) There was an upward trend in the GO 

nanoparticle concentration, and higher GO 

content led to significantly improved Cu removal. 

However, very high GO concentrations might cause 

aggregation, thereby reducing the effectiveness. 

The addition of different amounts of GO 

nanoparticles did not significantly change the flux. 

This could be due to the low amount of GO used. In 

some studies, increasing GO up to a certain level 

could improve membrane performance, but higher 

amounts might increase membrane pore blockage 

and reduce permeability. 

3) There was a negative effect of increasing the 

pressure on Cu removal. Higher pressures slightly 

reduced Cu removal efficiency, likely due to 

membrane compaction and reduced adsorption. 

The confidence intervals for the pressure were 

relatively narrow, indicating consistent 

experimental results. Increased operating pressure 

led to increased water flux, consistent with Darcy’s 

law for membrane permeation. 

Figure 7a, b illustrate contour plots representing 

the percentage of copper removal and permeate 

flux as functions of polymer concentration and 

operating pressure. The contour lines delineate the 

combinations of polymer concentration and 

pressure that produce equivalent permeate flux 

values. As shown in the figures, the color gradients 

elucidate areas of elevated or diminished permeate 

flux, thereby facilitating the identification of 

optimal operational conditions for maximizing 

performance. These visual indicators assist in 

determining the exact combination of polymer 

concentration and operating pressure that is 

capable of achieving the desired permeate flux, 

thereby providing critical insights for the 

optimization of the process. 
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(a) (b) 

Fig. 7. The contour plot for a) permeate flux and b) Cu removal% as a function of polymer concentration and operating 

pressure. 

4. Conclusions 

In the present study, GO nanoparticles were 

fabricated from a graphite precursor using the 

Hummer’s method, and their surfaces were 

enhanced with chitosan to augment their 

dispersion and compatibility with the polymer 

matrix. Polyethersulfone membranes and mixed-

matrix membranes were developed through the 

incorporation of these modified GO nanoparticles, 

and their efficacy in copper-ion separation from 

aqueous solutions was assessed using reverse 

osmosis technology. To achieve this, an 

experimental design was established by employing 

Minitab 17 software, implementing the Taguchi 

method with an L9 orthogonal array. The 

parameters influencing membrane separation, 

including the percentages of polymer and GO in the 

membrane casting solution, as well as the 

operating pressure during the separation process, 

were investigated at three distinct levels: a) 15%, 

18%, and 21% for the polymer percentage; b) 0%, 

0.3%, and 0.7% for the nanoparticle percentage; 

and c) 6, 8, and 10 bar for the operational pressure. 

Cross-sectional SEM images of the membranes, 

integrated with a statistical analysis of the 

experimental data using Minitab software, 

revealed that the three factors significantly 

influenced the membrane’s performance in Cu 

removal. An ANOVA analysis was performed to 

determine the effects of the factors and their 

interactions. The p-values were assessed at a 

confidence level of 95% (α = 0.05) to identify 

statistically significant effects. Additionally, R² and 

adjusted R² values were examined to assess the 

goodness of fit of the statistical model. The p-

values of 0.011, 007, and 0.01 for the polymer 

concentration, GO concentration, and operating 

pressure indicated a statistically significant impact 

on the membrane performance for Cu removal with 

a high degree of confidence. The interval plots for 

Cu removal and permeate flux showed that the 

mean Cu removal efficiency increased with 

increasing polymer concentration up to 18 wt.% 

polymer concentration, and beyond this optimal 

range, the intervals slightly overlapped, indicating 

a diminishing effect at high concentrations. The 

highest flux was observed at a polymer 

concentration of 15 wt. %, whereas increasing the 

polymer concentration to 21 wt.% resulted in a 

decrease in flux due to an increase in the 

membrane structure density and a decrease in its 

porosity and permeability. 

For the GO nanoparticle concentrations, higher GO 

contents led to significantly improved Cu removal 

but might increase membrane pore blockage and 

reduce permeability due to their aggregation.  

The results also showed that there was a negative 

effect of increasing the pressure on Cu removal. 

Higher pressures slightly reduced Cu removal 

efficiency due to the reduced adsorption. The 

confidence intervals for the pressure were relatively 

narrow, indicating consistent experimental results. 

Increased operating pressure led to increased 

water flux, consistent with Darcy’s law for 

membrane permeation. 
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