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ABSTRACT 1 

Response surface methodology (RSM) was successfully used to optimize the amounts of chitosan 2 

(CS), polyethyleneimine (PEI), graphene oxide (GO), and glutaraldehyde (GLA) to produce a 3 

multifunctional nanocomposite membrane coating able to remove positively and negatively 4 

charged heavy metals, such as Cr(VI) and Cu(II). Batch experiments with different concentrations 5 

of the four coating components (GO, CS, PEI and GLA) on cellulose membranes were carried out 6 

with solutions containing 10 ppm Cr(VI) and Cu(II) ions. Reduced quadratic equations for the 7 

Cr(VI) and Cu(II) removals were obtained based on the observed results of the batch experiments. 8 

The numerical analysis resulted in an optimized solution of 30-min soaking in CS, 1.95% PEI, 9 

1000 ppm GO and 1.68% GLA with predicted removals of 90±10 % and 30±3% for Cr(VI) and 10 

Cu(II), respectively, with a desirability of 0.99. This mathematically optimized solution for the 11 

coating was experimentally validated. To determine the best membrane material for the coating, 12 

stability of the nanocomposite coating was determined using attenuated total reflectance - infrared 13 

(ATR-IR) spectroscopy in eight membrane materials before and after exposure to four solutions 14 

with different water chemistries. The glass microfiber (GMF) membranes were determined to be 15 

one of the best materials to receive the coating. Then, the coated GMF filter was further 16 

investigated for the removal of Cr(VI) and Cu(II) in single and binary component solutions. 17 

Results showed that the coatings were able to remove successfully both heavy metal ions, 18 

suggesting its ability to remove positively and negatively charged ions from water.  19 
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1. INTRODUCTION 1 

Recently, indirect potable reuse (IPR) has gained attention as an important sustainable 2 

water management process.1 For communities with limited water resources available, IPR seems 3 

to be a promising water management option in terms of water sustainability. IPR can achieve high-4 

quality recycled water in compliance with the drinking water standards. Recycling efforts, 5 

however, need to be completed with the continuous evaluation of the potential health effects of 6 

treated recycled water for drinking purposes, since based on the origin of the wastewater, it could 7 

still contain very low hazardous contaminant concentrations after treatment. 1-3 8 

One group of contaminants that can be hazardous even at low concentrations is heavy 9 

metals. Among the heavy metal removal techniques, there are electrodialysis4, coagulation, 10 

flotation5, activated carbon adsorption6, ion exchange, reverse osmosis, and chemical reduction 11 

and precipitation.7 From these, efficiency of the chemical precipitation technique depends on 12 

different factors, such as pH adjustment, flocculation, and the concentrations of the ions involved.8-13 

9 Even though chemical precipitation is used widely, this technique requires chemicals and 14 

generate hazardous wastes. The other methods usually require long contact times. Thus, the 15 

production of potable water with the current methods can be expensive, and time-consuming. 16 

Therefore, it is important to search for alternative water treatment methods that are economical, 17 

efficient for the removal of different water contaminants. In search of such alternatives, many 18 

recent studies have shown potential use of nanotechnology and nanomaterials to remove numerous 19 

toxic contaminants efficiently and effectively from different contaminated water sources via 20 

adsorption.10 Among other advantages, nanomaterials do not generate brines or other disinfectant 21 

byproducts during the adsorption processes and has been considered as an economically viable 22 

technology for wastewater and water treatment.11  23 
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Graphene and its derivatives have been more recently widely investigated for water 1 

treatment purposes as they provide the potential for the modification or functionalization of its 2 

carbon backbone for better removal of contaminants.12-13 Graphene oxide (GO) is a chemically 3 

modified version of graphene that has been highlighted as a promising counterpart for diverse 4 

applications.14-17 GO has shown excellent antimicrobial properties against bacteria.17-20 In 5 

addition, GO can adsorb a vast range of cationic and anionic contaminants such as heavy metals 6 

and industrial cationic dyes.10, 21 These removal capabilities are due to the physical properties of 7 

GO and the functional groups in GO such as -OH and -COOH, which can uptake positively and 8 

negatively charged particles via a process of chemical uptake and adsorption.20-21  9 

Furthermore, GO is cost-effective and can be used in large-scale production of graphene-10 

based materials or composites.14, 22 Recently, the direction of research has moved toward 11 

incorporating such nanomaterials with polymeric substances to provide functional variety, 12 

structural strength, and stability. Research in the synthesis of nanocomposites for water treatment 13 

is favored by the fact that the properties of GO or graphene-based nanomaterials in general can be 14 

enhanced by the polymers. Adsorption capacity, selectivity, lowering life-cycle cost, improved 15 

design flexibility, and potential for large-scale fabrication are some of the advantages of 16 

incorporating GO into polymeric matrices.23-24 In the present study, a combination of selected 17 

polymers with graphene oxide was used to develop and optimize a more efficient, effective, and 18 

multi-functional class of nanocomposite adsorbent for indirect potable water reuse treatment using 19 

the response surface methodology (RSM). RSM is considered as an effective method to understand 20 

the relationships between several independent variables and one or more response variables. The 21 

RSM was utilized in the present study for the optimization of the composite since it allows reduced 22 

number of experimental runs and easy control of factors.21, 25 Furthermore, it has been extensively 23 
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used in the experimental design and optimization processes of polymeric matrices where responses 1 

can be linked mathematically and statistically to the material composition.21, 25-26   2 

This study aims to find the optimum conditions to incorporate GO into a polymeric matrix 3 

composed by chitosan (CS) and polyethyleneimine (PEI), and crosslinked with glutaraldehyde 4 

(GLA). Compositions of GO and PEI, amounts of GLA and dip coating time in the CS solution 5 

were optimized based on two response variables, namely % Cr(VI) and % Cu(II) removals. An 6 

experimental matrix was generated based on an I-optimal design to establish the working region 7 

of the RSM. Obtained results were fitted into model equations in the form of quadratic equations. 8 

The statistical treatment based on residual and error analysis were carried to obtain significant 9 

models for Cr(VI) and Cu(II) removals. Numerically optimized coating parameters were 10 

experimentally validated and used to coat different commercially available filter matrices to select 11 

the most suitable filter platform for the coating. Based on the integrity of the coating when exposed 12 

to different water chemistries potential membrane filter materials were selected. The resulting 13 

coating was characterized and further tested for Cr(VI) and Cu(II) removals. The potential uptake 14 

mechanisms of the coating was also investigated.  15 

2. EXPERIMENTAL PROCEDURES 16 

2.1 Materials. GO used for the coating was synthesized using the modified Hummer’s 17 

method27 starting from graphite (<45µm), which was purchased from Sigma Aldrich. Chitosan 18 

(low molecular weight), polyethyleneimine (50% wt/wt% in water) and, glutaraldehyde (25% 19 

w/w% in water) were also purchased from Sigma Aldrich. Whatman qualitative 2 cellulose filter 20 

papers for the optimization process were purchased from Fisher Scientific. Glass microfiber type 21 

691 (pore size 1.5 μm), nylon (pore size 1 μm), polyethylene/polypropylene (pore size 10 μm), 22 

polytetrafluoroethylene (PTFE) type TE 36 (pore size 0.45 μm), PTFE type TE 37 (pore size 1 23 
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μm), cellulose acetate type OE 67 (pore size 0.45 μm), and cellulose acetate type OE 68 (pore size 1 

1 μm) membrane filters were purchased from VWR international. Sodium chloride crystals (≥ 2 

99.0% assay), sodium bicarbonate powder (99.5 – 100 % assay), acetic acid (≥ 99.7%) were also 3 

purchased from Sigma Aldrich. All the chemicals used were of analytical grade. Furthermore, all 4 

synthetic solutions were prepared using deionized (DI) water, unless specified otherwise. 5 

2.2 Characterization of GO. Synthesized GO was characterized using attenuated total 6 

reflectance - infrared (ATR-IR) spectroscopy, X-ray photoelectron spectroscopy (XPS), scanning 7 

electron microscopy (SEM) and Raman spectroscopy to identify the functional groups on GO 8 

surface and confirm successful synthesis. For the ATR-IR analysis, samples were dried in a 9 

desiccator to remove moisture and analyzed with a Nicolet iS10 Mid Infrared FTIR Spectrometer 10 

(Thermo Fisher Scientific, USA) with air as background. Acquired data were further processed 11 

using Omnic 8 Software (Thermo Fisher Scientific, USA) and analyzed using Origin Pro8.5 12 

software (OriginLab, Northampton, MA).  Raman spectrum of the GO was measured using a 13 

Raman microscopy system (IHR320, Horiba) equipped with a 532 nm laser excitation source. 14 

SEM analysis was done to visualize the physical appearance of the GO layers. GO samples were 15 

attached to a carbon double tape and sputter-coated using a Desk V sputter (Denton Vacuum) to 16 

create a thin gold layer around the sample. Gold coated samples were analyzed with a FEI XL-30 17 

FEG SEM (Philips) field emission scanning electron microscope.28 Results are shown in the 18 

supporting information Figure S1 and Text S1. 19 

2.3 Preparation of working solutions. Stocks of materials were prepared for the synthesis 20 

of the CS-PEI-GO mixtures as followsing: 0.04% CS in 0.5% HCl, 25% PEI in 2.5% HCl and 21 

2500 ppm GO in DI water. These stock solutions were used to prepare the different working 22 

mixtures as described in supporting information (SI) table S1. Synthetic heavy metal solutions 23 
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required for batch filtrations were made in DI water. First, the stock solutions of 500 ppm 1 

concentration of Cr(VI) and Cu(II) were prepared by dissolving amounts of 708.6 mg and 969.9 2 

mg of potassium dichromate (K2Cr2O7, crystals, 99.8% assay) and cupric nitrate (Cu(NO3)2.3H2O 3 

crystals, 98% assay) respectively, in 500 mL of DI water. Working solutions of 10 ppm 4 

concentration was prepared by diluting the stock solutions in DI water. 5 

2.4 Experimental design using RSM. Different mixture designs were developed using 6 

Design Expert 10.0 from Stat-Ease Inc. (Minneapolis, USA). In the design process, four variables 7 

(Xi), namely soaking time in CS mixture (X1), GO composition (X2), PEI composition (X3) and 8 

GLA composition (X4) were used as independent factors to create 25 randomized design points 9 

based on two response variables (Yi): Cr(VI) % removal (Y1) and Cu(II) % removal (Y2). 10 

   11 

Table 1: Independent, response and fixed variables used in the RSM mixture design for the 

optimization of CS-PEI-GO coating. 

Parameter Units Minimum value Maximum value Variability 

Soaking time in CS Minutes 10 30 Discrete 

CS composition wt% N/A 0.04 Fixed 

GO composition ppm 250 1000 Continuous 

PEI composition wt% 1 3 Continuous 

GLA composition wt% 1 3 Continuous 

Soaking time in PEI-GO-GLA Minutes N/A 30 Fixed 

% Cr(VI) removal - N/A N/A N/A 

% Cu(II) removal - N/A N/A N/A 
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Soaking time in the CS mixture was considered as a discrete parameter with three steps; while 1 

other independent parameters were considered as continuous parameters within a selected range 2 

based on the preliminary studies. Ranges for those four components are given in Table 1. 3 

Percentages given in the mixture design were translated into weight terms considering a 10-g batch 4 

of the working mixture. Remainder weight was completed by adding required amounts of DI water 5 

as presented in the 6th column of table S1. All the design points were analyzed in triplicates. 6 

2.5 Preparation of the coating. Cellulose membranes were coated by dip coating. First, 7 

they were soaked in 0.04% CS solution for the desired time as mentioned in the 2nd column of the 8 

table S1. Six or more filters were used to coat with each mixture, as experimental replicates. In the 9 

meantime, required amounts of PEI, GO, and DI water were weighed in a separate glass vial based 10 

on the respective mixture design compositions as mentioned in the table S1. The PEI-GO-water 11 

mixture in the glass vial was shaken thoroughly using a vortex for around 5-10 minutes to ensure 12 

a homogeneous solution. GLA was added to the homogenized mixture quickly and mixed for 13 

another minute using the vortex. This mixture was poured immediately into another clean petri-14 

dish, and filters pre-soaked in CS were carefully transferred to a new petri-dish containing the 15 

homogeneous mixture of PEI-GO-GLA. After dip coating for a fixed time of 30 minutes, CS-PEI-16 

GO coated filters were rinsed with DI water and air-dried. Then, the filters were wrapped in 17 

aluminum foil and were stored under dry conditions until further use. Fresh batches of filters were 18 

made ahead of each experiment to avoid unnecessary effects of aging and storage conditions. 19 

2.6 Contaminant removal experiments. As explained earlier, 25 different filter coatings 20 

were prepared and used for the batch filtration of 20 mL aliquots of Cr(VI) and Cu(II) solutions 21 

with an initial concentration of 10 ppm. A NE-300 Just Infusion syringe pump (New Era Pump 22 

Systems. Farmingdale, NY) was used to perform filtrations with a liquid feed rate of 5 mL/min. 23 
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Filtered samples were analyzed with a flame atomic absorption spectrometer (AAS) (AAnalyst 1 

200, Perkin Elmer). Cu(II) samples were acidified by adding a drop of concentrated nitric acid. 2 

For both Cr and Cu analyses, air was used as the oxidant with acetylene flows of 3.3 and 2.5 L/min 3 

respectively.  To generate the calibration curve, standards up to 5 ppm were prepared, which were 4 

adequate to cover the linear ranges of each metal. Samples with lower removals were diluted before 5 

the AAS measurements to match the linear ranges of each element. Percentage removals for each 6 

filtration were calculated using eq 1. 7 

% 𝑅𝑒𝑚𝑜𝑣𝑎𝑙 =  
𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑐𝑜𝑛𝑐.−𝐹𝑖𝑛𝑎𝑙 𝑐𝑜𝑛𝑐.

𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑐𝑜𝑛𝑐.
× 100%  (1) 8 

2.7 Statistical analysis and the optimization of the coating. Percentage removals 9 

obtained from the contaminant removal experiments were used for the statistical analysis using the 10 

Design Expert software version 11 (Stat-Ease, Inc., Minneapolis). Using the set of independent 11 

variables presented earlier, a mathematical expression in the form of a quadratic equation (eq 2) 12 

was developed to fit the obtained data. 13 

                    𝑌𝑖 = 𝛽0 + ∑ 𝛽𝑖𝑥𝑖
𝑛
𝑖=1 + ∑ ∑ 𝛽𝑖𝑗𝑥𝑖𝑥𝑗

𝑛
𝑗=𝑖+1

𝑛−1
𝑖=1 + ∑ 𝛽𝑖𝑖𝑥𝑖

2𝑛
𝑖=1    (2) 14 

Here, β0 is the offset coefficient, which is a constant. Other coefficients for the linear effect, 15 

interaction effect, and quadratic effect are βi, βij, and βii, respectively. Obtained data were subjected 16 

to various statistical optimization, such as residual analysis, surface analysis and numerical 17 

optimization to find an optimized solution for the filter coating conditions. Obtained optimized 18 

solution was experimentally validated by synthesizing the suggested optimal coating with cellulose 19 

qualitative 2 filters and performing contaminant removals for Cr(VI) and Cu(II) to verify whether 20 

the expected removal and actual removal matched the accuracy of the model. Experimentally 21 

validated coatings were used to coat different filter matrices and were subjected to stability check. 22 
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2.8 Selection of a base membrane based on stability of the coating. A stability check 1 

was carried out to select a more suitable base membrane. First, dip coatings were done on different 2 

commercially available filter matrices with the optimized CS-PEI-GO coating parameters. Coated 3 

filters were characterized using ATR-IR spectroscopy to ensure the successful coating. The 4 

stability of the coated filters were checked by exposing them to various aqueous solutions at 5 

different time lengths: 1, 4 and 24 hours. The aqueous solutions used were a) water; b) saturated 6 

sodium chloride solution c) saturated sodium bicarbonate solution and d) 4.5% acetic acid solution. 7 

The water used was fresh deionized water with a near pH~7.0 to simulate freshwater. A saturated 8 

sodium chloride solution was prepared by dissolving 35 g of sodium chloride crystals (≥ 99.0% 9 

assay) in 100 mL of DI water. This solution aimed to simulate water with high salinity (brine) that 10 

could occur in the environment. Saturated sodium bicarbonate solution was prepared by dissolving 11 

8 g of sodium bicarbonate powder (99.5 – 100 % assay) in 100mL of DI water. The resulting 12 

solution had a basic pH of ~ 8.3 to simulate freshwater with more basic pH. Finally, 4.5% acetic 13 

acid solution with pH ~ 2.4 was prepared by slowly adding 4.78 mL of 99.7% acetic acid 14 

concentrate per 100 mL of DI water. This acidic solution aimed to simulate the treatment of more 15 

acidic water samples during filtration. 16 

Aliquots of 5 mL of each solution were added to each well in 6-well plates to dip the coated 17 

filters into these different solutions for 1, 4 and 24 h time intervals. Thereafter, they were removed 18 

from the solutions and dried inside a desiccator before analyzing with the ATR-IR. Three or more 19 

replicates were tested for each scenario.  20 

2.9 Characterization of the optimized coating on the selected base membrane. Base 21 

membrane selected via the stability check was coated with the optimized CS-PEI-GO coating. 22 

They were characterized using SEM, XPS and thermogravimetric analysis (TGA). TGA of CS-23 
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PEI-GO coated and uncoated membranes were carried out to investigate the thermal stability of 1 

the modified filters. The analysis was carried out with samples weighing 5-7 mg, at a temperature 2 

gradient of 10 ⁰ C per minute in O2 atmosphere. An O2 flux of 40 mL/min and N2 flux of 60 3 

mL/min was used while the temperature was changing from 25 to 600 ⁰ C. 4 

Gravity-filtration was performed with CS-PEI-GO coated and uncoated membranes to 5 

investigate the effect of coating in flow rates. A clean 47-mm glass filtration set was used for the 6 

gravity filtration. This filtration set included a cylindrical filter funnel, filter head and funnel 7 

support base held together with a clamp. Each filter membrane was placed between the filter head 8 

and the bottom of the filter funnel and clamped to ensure no leaks from the glass fittings. A volume 9 

of 500 mL of DI water was passed through the filter under gravity and time taken for each filtration 10 

was measured using a stopwatch. Flow rates (L/m2s) were calculated via normalization of the 11 

filtration volume by filtration time and coated filter area available for filtering. In this case, the 12 

available coated filter area was 9.6 cm2. 13 

2.10 Batch removal of contaminants. CS-PEI-GO coated membranes characterized 14 

earlier were further analyzed to demonstrate the removal efficiency of Cr(VI) and Cu(II). Removal 15 

efficiencies were measured in both single contaminant systems and binary-contaminant systems, 16 

i.e. containing both Cr(VI) and Cu(II) ions. Synthetic heavy metal solutions containing various 17 

initial concentrations: 1, 10, and 20 ppm, were prepared by diluting the metal stock solutions with 18 

DI water. Batches of 20 mL of these solutions were filtered in triplicates and analyzed with AAS. 19 

Percentage removals were calculated using eq 1. XPS analysis was carried out to confirm the 20 

successful adsorption of Cr and Cu onto the CS-PEI-GO coated filters used for the contaminant 21 

removals in single component systems. 22 

 23 
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3. RESULTS AND DISCUSSION 1 

3.1 Mathematical interpretation of RSM. The coating parameters were optimized using 2 

an I-optimal design approach because of the flexibility in controlling the constraints. With this 3 

approach, the factors can be controlled within a continuous range or as discontinuous levels based 4 

on the nature of the parameter. For example, in this design, the soaking time in CS was a factor 5 

with 3 levels (ex: 10, 20 and 30 minutes), while factors like GO composition and PEI composition 6 

were in continuous ranges. An I-optimal algorithm was chosen since it is recommended to build 7 

response surface designs where the goal is to optimize the factor settings while having higher 8 

precision. The complete list of responses from the contaminant removal experiments is listed in 9 

table S1. Values for the removals of Cr(VI) and Cu(II) are averages of three or more replicates for 10 

each design point. These removal data were fitted into a quadratic equation as proposed by eq 2. 11 

Resulting expressions for Cr(VI) and Cu(II) removals are presented by eq 3 and eq 4 below. 12 

𝑌1(% 𝐶r 𝑟𝑒𝑚𝑜𝑣𝑎𝑙) = 63 + 6.3𝑥1 + 9.2𝑥2 + 3.8𝑥3 + 6.7𝑥4 − 1.9𝑥1𝑥2

+ 8.3𝑥1𝑥3 − 1.4𝑥1𝑥4 − 2.4𝑥2𝑥3

+ 3.7𝑥2𝑥4 − 0.37𝑥3𝑥4 + 9.6𝑥1
2

− 2.6𝑥2
2 + 14𝑥3

2 + 4𝑥4
2 (3) 

𝑌2(% 𝐶𝑢 𝑟𝑒𝑚𝑜𝑣𝑎𝑙) = 19 − 0.2𝑥1 + 1.3𝑥2 + 2.6𝑥3 − 3.1𝑥4 − 5.1𝑥1𝑥2

− 2.9𝑥1𝑥3 + 1.4𝑥1𝑥4 + 3𝑥2𝑥3 − 1.8𝑥2𝑥4

− 0.3𝑥3𝑥4 + 7.6𝑥1
2 − 4.1𝑥2

2 + 2.5𝑥3
2

− 4.7𝑥4
2 (4) 

Higher values of the coefficients and constant terms in eq 3 proposes that higher removals 13 

can be expected from the Cr(VI) removal compared to Cu(II), which was evident even in the actual 14 

results presented in table S1. 15 
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  1 

Figure 1: Residual plots for Cr(VI) and Cu(II) removal responses. Predicted vs actual responses 

for (a) Cr(VI) and (b) Cu(II) indicate that predicted values are in agreement with the actual results; 

therefore no transformation of data is needed. Normal probability plots for (c) Cr(VI) and (d) 

Cu(II) indicate the residuals follow a normal distribution as they follow a straight line in the normal 

probability plot. The diagnostics for outliers for (e) Cr(VI) and (f) Cu(II) indicated that no outliers 

were present outside the ± 3 set limit. 
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Analysis of variance (ANOVA) was used to assess the significance of each term in the 1 

model equations. The analysis was based on the partial probability values (p-values) where p-2 

values of less than 0.05 indicates that the terms in the model are significant. First, for the Cr(VI) 3 

removal, for the full quadratic model consideredobtained presented, smaller F-value of 1.21 and a 4 

higher p-value of 0.39, which indicated that the model is not significant. However, theThe model 5 

for Cr(II) removal showed R2 of 0.63, which is acceptable for RSM models.29 R2 values close to 1 6 

indicate better predictability of the model, which agrees with the actual and predicted responses.21, 7 

30  8 

On the other hand, for Cu(II) removal, the F-value of 3.39 and p-value of 0.03 indicated 9 

that the model is significant. These values suggest that there is a 2.91% chance that the model F-10 

value is due to random error. When considering the R2, the coefficient of determination, which is 11 

a measure of the ability of the model in making predictions, Cu(II) model showed R2 of 0.83 12 

indicating a better predictability when compared to the model for Cr(VI) removal. In order to 13 

obtain significant models for both Cr(VI) and Cu(II) removals, non-significant terms were 14 

removed from the quadratic model using a backward calculation method.21, 29 Obtained modified 15 

model equations for Cr(VI) and Cu(II) removals are given by eq 5 and eq 6 respectively. 16 

𝑌1(% 𝐶r 𝑟𝑒𝑚𝑜𝑣𝑎𝑙) = 75.7 + 6.1𝑥1 + 9.6𝑥2 + 1.4𝑥3 + 4.3𝑥4 − 10.9𝑥1𝑥4

− 14.4𝑥2𝑥3 (5) 

𝑌2(% 𝐶𝑢 𝑟𝑒𝑚𝑜𝑣𝑎𝑙) = 19.9 − 0.8𝑥1 + 1.8𝑥2 + 3.3𝑥3 − 3.3𝑥4 − 4.2𝑥1𝑥2 + 8.2𝑥1
2

− 5.7𝑥2
2 − 4.7𝑥4

2 (6) 

After the modification, the model for Cr(VI) removal became significant with increased F-17 

value of 3.76 and decreased p-value of 0.01, due to the removal of the non-significant terms. Cr(VI) 18 
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removal also showed better goodness of fit as the standard deviation of the model decreased from 1 

15.6 to 12.7.   Similarly, a more significant model was obtained for Cu(II) removal with a reduced 2 

quadratic model, which led to an increased F-value of 9.03 and decreased p-value of 0.0001. In 3 

addtion, the standard deviation of the model decreased from 3.7 to 3.0 showing the improved 4 

goodness of fit of the model.  Furthermore, the adequate precision values, which is a measure of 5 

the signal to noise ratio of RSM models, were obtained for the models to compare the predicated 6 

removals and pure error of the predicted error. Values of 8.6 and 10.6 were obtained for Cr(VI) 7 

removal and Cu(II) removal respectively, since a value higher than 4 is typically desired, these 8 

results indicate adequate signal.21, 30 9 

Residual diagnostics were used to further evaluate the obtained modified models. Here, the 10 

residuals are defined as the difference between the actual responses and the responses predicted 11 

by the model. As shown in Figure 1b, residuals for both responses (Cr(VI) and Cu(II) removals) 12 

closely followed a straight line through the origin in the normal probability plot. These results 13 

indicate that the residuals of the obtained data followed normal distributions. As a result of this 14 

phenomenon, no transformations were required to predict the results. Figure 1c illustrates that the 15 

residuals for both responses were distributed within a very narrow range. This observation 16 

indicates that there were no outliers present, compared to the set limit of ± 3. In conclusion, the 17 

diagnostic analysis indicated that the obtained models were suitable for predicting Cr(VI) and 18 

Cu(II) removals. 19 

Additional analysis of the model parameters was done using the surface plots. RSM allows 20 

to look at the individual and combined effects of independent variables on the response variables 21 

with the aid of these surface plots. This analysis allows to maintain certain factors at a fixed level 22 

and study the influence of other factors using the surface plots according to the obtained data. 23 
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Figures 2 and 3 provide graphical representations of various surface plots for combinations of two 1 

independent variables for Cr(VI) and Cu(II) removals, respectively.  2 

Figure 2: Surface plots for Cr(VI) (a) GO 

concertation, [GO] vs [PEI] shows 

increasing concentrations of GO and PEI 

lead to increasing Cr(VI) removal (b) [PEI] 

vs [GLA] and (c) [GLA] vs [GO] also show 

highest higher removals achieved when 

both factors are at the highest of their 

respective ranges. For all these plots, other 

independent variables were fixed at the 

middle of their range. 

Figure 3: Surface plots for Cu(II) (a) [GO] 

vs [PEI] and (b) [GO] vs [GLA] at 30 

minutes of soaking time show that highest 

higher removals were achieved when [GO] is 

at its highest of the range and the other 

factors considered were in the mid-range 

and; (c) time soaked in CS vs [GO] shows 

much higher removals when [GO] and time 

are the highest of their respective ranges. 
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In the surface plots presented in Figures 2 and 3, the fixed levels for the independent 1 

variables were set at the middle level of their selected ranges to simplify interpretation. As Figure 2 

2a illustrates, when the GO and PEI concentrations increased, the Cr(VI) removal also increased. 3 

In previous studies, it has been shown that the inclusion of PEI provides extra amine groups in the 4 

nanocomposite, which are capable of protonation when exposed to acidic conditions.21, 31 This 5 

protonation results increase in electrostatic attraction of negatively charged ions, such as the 6 

Cr(VI) in the form of Cr2O7
2-, in this case. Slightly acidic conditions provided by the dissociation 7 

of K2Cr2O7 help this phenomenon during filtration, therefore, increasing the percentage removal 8 

of Cr(VI).21, 31 On the other hand, GO plays a significant role in removing Cr species through its 9 

oxygen containing groups on the surface.30 In Figures 2b and 2c, the increase in Cr(VI) removal 10 

corresponds to the increasing in PEI and decreasing in GLA concentrations. In the synthesis of the 11 

nanocomposite coating, GLA serves as a crosslinking agent and, hence, consumes amine groups 12 

while producing imine groups.31 Imine groups are still capable of protonation and can produce 13 

electrostatic attraction of negatively charged Cr(VI) ions to allow its removal. 14 

In addition to PEI, GO, and GLA effects over Cr(VI) removal, the soaking time in CS 15 

always showed an upward curvature, upholding a positive effect on Cr(VI) removal (Figures S2a 16 

and Figure S2b). The soaking time can be considered as a measure of the thickness of the CS layer. 17 

In other words, higher soaking time means a larger CS layer and more availability of amine groups. 18 

The thicker CS layer will have more amine groups than thinner layers since the crosslinking 19 

reactions consume some of these amine groups and make them unavailable for Cr(VI) removal.  20 

This issue of less availability of amine groups from CS due to the GLA crosslinking was addressed 21 

in this study by incorporating a second polymeric material, PEI, which is rich with primary and 22 

secondary amines. In addition, the slightly acidic condition generated by the chromium solution 23 
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provides protonation of PEI allowing uptake of anionic metal ions via electrostatic attractions.32-1 

33 2 

In the case of copper, as shown in Figure S3a and Figure 3, the inclusion of more CS by 3 

increasing the soaking time provided more favorable conditions for its removal. A thicker CS layer 4 

increased the availability of amine functional groups for Cu(II) ions to form a shared bond or a 5 

surface complex with a pair of electrons from the nitrogen atoms in the amine groups.21 However, 6 

the GLA concentration played a negative role in Cu(II) removal, as seen by the surface plots of 7 

GO and GLA concentrations (Figure S3b) and PEI and GLA concentrations (Figure S3c). The 8 

increase in soaking time to 30 minutes led to increasing removal of copper, as shown in Figure 3b, 9 

confirming the earlier findings that not only the amount of CS but also the consumption of amines 10 

from CS by GLA during the crosslinking process will affect Cu(II) removal.31 11 

 As a summary of the surface plots, Cr(VI) removal is favorable when the GO, PEI, GLA 12 

concentrations and soaking time in CS are at their highest ranges. Cu(II) removal is also favorable 13 

when the GO concentration and soaking time in CS is at their highest. But the removal of Cu(II) 14 

is more favorable with a medium range of PEI and GLA concentrations, therefore we can expect 15 

a combination of these observations from the optimized solution composition of the coating. 16 

3.2 Optimization of the coating components and experimental validation. An 17 

optimized solution for the soaking time in CS and combination compositions of GO, PEI and GLA 18 

were selected to accommodate the removal of both contaminants. A desirability function was 19 

defined for response as given by the following equation. 20 

𝑑𝑖(desirability) =
(𝑐𝑎𝑙𝑢𝑙𝑎𝑡𝑒𝑑 𝑦𝑖−𝑚𝑖𝑛𝑖𝑚𝑢𝑚 𝑦𝑖)

(𝑚𝑎𝑥𝑖𝑚𝑢𝑚 𝑦𝑖−𝑚𝑖𝑛𝑖𝑚𝑢𝑚 𝑦𝑖)
    (7) 21 
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Geometric mean of the individual di values calculated for the two responses were used as the 1 

objective function of the optimization. To find an optimum solution with more emphasis on Cu(II) 2 

removals, as Cu(II) removals were lower, a weight of 10 was given to the desirability function of 3 

Cu(II) removal. Therefore, the final objective function can be given by the following equation.  4 

𝐷 = (𝑑𝐶𝑟 . 𝑑𝐶𝑢
10 )

1
2⁄       (8) 5 

As the goal for theTo achieve numerical optimization, the soaking time in CS was fixed at 6 

30 minutes (highest possible value in the selected range) to ensure more CS in the nanocomposite 7 

in order to aid Cu(II) removal. All the independent variables mentioned were kept in the range 8 

specified earlier and both responses were subjected to maximization. The solution with the highest 9 

desirability function was chosen to be validated experimentally. The optimization determined that 10 

the optimum soaking time in CS was 30 minutes and GO concentration was 1000 ppm, both values 11 

Figure 4: Predicted and actual removals for Cr(VI) and Cu(II) at 10 ppm with the optimized 

CS-PEI-GO coated cellulose membranes indicates that the predicted and actual removals 

are not statistically different. Error bars correspond to the standard deviation. 
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are the highest of the selected range for each factor. For PEI and GLA, the optimum concentrations 1 

were 1.95% and 1.68%, respectively.  2 

The predicted removal of Cr(VI) and Cu(II) were 90±10 % and 30±3%, respectively, with 3 

a desirability of 0.99. This combination was tested in the lab to validate the optimization. Figure 4 4 

summarizes the results. The results showed no statistical difference of the predicted removals and 5 

actual removals. This allowed us to conclude that the experimental validation of the CS-PEI-GO 6 

coating was aggregableagreed with the predictions. These optimized conditions were used for the 7 

selection of the best filter material for coating.  8 

3.3 Selection of the base membrane presenting the most stable coating with the 9 

optimized mixture. The optimized composition for CS-PEI-GO coating was used to dip coat a 10 

list of commercially available filter matrices described in the materials and methods. Successful 11 

fabrication of the dip-coated filters was determined initially by visually inspecting uniformity of 12 

the coating and changes in the physical aspects of the filters. Using these criteria, some of the filter 13 

matrices were ruled out from proceeding to the next step, as they were unstable or heavily-14 

deformed after the dip coating and drying process.  15 

Figure S4 shows the appearance of different filter matrices with CS-PEI-GO coating. 16 

Homogenous coatings were observed with both cellulose quantitative 2 (Figure S4a) and GMF 17 

membranes (Figure S4b) with no apparent deformation. Even though cellulose acetate (Figure 18 

S4c) and PTFE supported (Figure S4d) membranes were a bit slightly deformed in shape, they 19 

presented a homogenous coating and were considered in the stability check. PP/PE (Figure S4e) 20 

and nylon filters were not capable of holding the CS-PEI-GO (Figure S4f) coating during the dip-21 

coating step, therefore, they were eliminated from the stability check step.  22 
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 1 

The ATR-IR spectrum of the GO, CS and PEI are shown in Figure 5. Identifying individual 2 

spectrum is important when investigating the integrity of the coating later in the process. In the 3 

spectrum for PEI, dominant peaks can be seen at 1050, 1121, 1298, 1355, 1458, 1592, 2813, 2877, 4 

2933 and 3275 cm-1. The peak at 1050 cm-1 is assigned to C-N bonds34, while the peak at 1121 cm-5 

1 is assigned to stretching of C-O bond.34 The peaks at 1298 and 1355 cm-1 can be attributed to C-6 

N stretching, while the peak at 1458 cm-1 can be assigned to the C-H bending.35 The peak at 1592 7 

cm-1 corresponds to the N-H bending.21, 35 The peak at 2813 and 2933 cm-1 are attributed to the 8 

Figure 5: ATR-IR spectra of GO, PEI and CS show the characteristic peaks for each of the 

materials. From these peaks, most significant peaks; the broad peaks around 3100-3500 cm-1, 

which are attributed to OH (from GO and CS) and NH2
- (from CS and PEI), and 2750-3000 cm-

1, which are attributed to CH vibrations from CH2 and CH3 (from CS and PEI), and the peak at 

1650 cm-1, which is assigned to carbonyl stretch of –NHCO– group were considered when 

deciding the stability of the coating. 
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stretching vibrations of CH2 and CH3 respectively.34-35 Finally, the peak at 3275 cm-1 can be 1 

assigned to the N-H bond.34-35 2 

The ATR-IR spectrum of CS has dominant peaks at 1316, 1423, 1655, 2849, 2922, and 3 

3448 cm-1 wavelengths. The peak at 1316 cm-1 can be assigned to CH2; while 1423 cm-1 is assigned 4 

to the signal coming from primary amine groups.16, 21 The peak at 1655 cm-1 can be assigned to the 5 

carbonyl stretch of –NHCO– group.16, 21 Two peaks appear at 2849 and 2922 cm-1
, which can be 6 

attributed to the stretching vibrations from CH2 and CH3, respectively.16 The broad peak in the 7 

range of 3000 – 3500 cm-1 can be attributed to the signals from -OH and -NH2.
16, 21 8 

For each coated filter type exposed to different solutions, the integrity of the coating was 9 

investigated based on the multiple peaks that appeared in their ATR-IR spectra. For the CS-PEI-10 

GO coated filters, the broad peaks around 3100-3500 cm-1, which is attributed to OH (from GO 11 

and CS) and NH2
- (from CS and PEI), ); and the peaks around 2750-3000 cm-1, which is attributed 12 

to CH vibrations form CH2 and CH3 (from CS and PEI), ); and the peak at 1650 cm-1,  which is 13 

carbonyl stretch of –NHCO– group or the carbonyl results from the crosslinking were considered 14 

as the basis for deciding stability of the coatings.  15 

For CS-PEI-GO coated cellulose Q2 filters, all the mentioned peaks were visible for all the 16 

conditions studied. A reduced intensity was observed for the CH peak at around 2750-3000 cm-1 17 

region when exposed to the brine solution for 24 hours, but the availability of other peaks confirms 18 

the stability of the coating. For the CS-PEI-GO coated GMF membranes, the OH and NH2
- peaks 19 

were very broad but still visible in all the conditions studied as shown in the Figure 6. When 20 

exposed for 24 hours to NaHCO3, the peak attributed to carbonyl bond was recorded with reduced 21 

intensity, but still considered as a stable coating. Similarly, PTFE membranes coated with the 22 

optimized CS-PEI-GO coating showed a stable coat for all the conditions, however, showed a 23 
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broad peak for OH and NH2
-. Finally, the CS-PEI-GO coated cellulose acetate filters also showed 1 

stability when exposed to all the studied solutions. Peaks for CH bonds and OH were very broad 2 

and had reduced intensity; however, the unchanged carbonyl peak suggested the integrity of the 3 

coating for the longest exposure time investigated. Based on these observations from ATR-IR 4 

spectra summarized in Figure 6, GMF was chosen to be the filter matrix that showed more integrity 5 

than the other materials tested.  6 

 7 

In addition to these observations, to further validate the selection of GMF as the base filter 8 

material for the later investigations, CS-PEI-GO coated GMF filters were used to remove Cr(VI) 9 

and Cu(II) at 10 ppm initial concentrations. Though both cellulose and GMF were resistant to 10 

Figure 6: Spectra corresponding to the ATR-IR analysis of CS-PEI-GO coated GMF filters that 

were exposed for 24 hours to different test reagentssolutions: water (pH~7), NaCl (pH~7), 

NaHCO3 (pH~8.3) and 5% CH3COOH (pH~2.4).  
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treatments, as indicated by the smaller removals, GMF showed much better removals of the 1 

contaminants than cellulose when cthey were coated membranes with CS-PEI-GO, as shown in 2 

the figure S5 in supporting information. Therefore, GMF was selected as the best filter matrix for 3 

CS-PEI-GO coating and this filter matrix combination was further characterized and further 4 

studied.  5 

3.4. Characterization of the optimized CS–PEI–GO coating. Freshly synthesized CS-6 

PEI-GO coated GMF filters were characterized using SEM, XPS, FTIR, and TGA. Figure 7 shows 7 

the (a) bare GMF membrane and (b) the microstructure of the CS-PEI-GO coated GMF 8 

membranes. The SEM images demonstrated successful coating of the membrane. To further 9 

confirm the coating and determine whether there were any changes of flow rates due to coating, 10 

we performed gravity filtration. The flow rate increased from 227 Lm-1s-1 to 411 Lm-1s-1 after the 11 

CS-PEI-GO coating. This increasing flow rate compared to the bare membrane can be explained 12 

by the incorporation of CS on the surface and membrane pores. CS is a hydrophilic compound and 13 

therefore facilitated the flow of the water through the pores. For the obtained results, two-tailed t-14 

tests with α=0.05 were done to quantify the statistical significance.  For CS-PEI-GO coated GMF 15 

Figure 7: SEM images of (a) uncoated GMF membrane and (b) CS-PEI-GO coated GMF 

membranes.  
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membranes, an obtained P-value of 0.0003 suggested that the increment of the flow rate is 1 

statistically significant compared to the flow rate with uncoated GMF membranes. 2 

  Earlier, ATR-IR was used to identify the functional groups of the CS-PEI-GO on the coated 3 

membrane (Figure 4). Availability of functional groups was further evaluated by using XPS 4 

analysis. The obtained spectrum is shown in Figure 8. The wide scan of the bare GMF membrane 5 

showed peaks of Si 2s, C1s, and O1s at the binding energies of 154, 285 and 534 eV. Wide scan 6 

XPS spectrum of the coated CS-PEI-GO on GMF membranes showed major peaks at binding 7 

energies of 155, 287, 397 and 533 eV, which are attributed to Si 2s, C 1s, N 1s, and O 1s.21, 36  8 

Based on the atomic percentages, C/O and Si/O ratios of the bare GMF membrane were 9 

calculated as 7.5 and 0.34. There was no significant peak attributed to N in the wide scan of the 10 

Figure 8: XPS wide scans of bare GMF membrane and CS-PEI-GO coated GMF membrane. 
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bare membrane. However, following the coating with CS-PEI-GO, the C/O ratio decreased to 1.1 1 

indicating the introduction of carbonaceous groups on to the GMF filter surface. Similarly, the 2 

Si/O ratio decreased to 0.32. The increment of C and O elements on the GMF membranes was the 3 

result of the incorporation of CS and GO, as they contain multiple functional groups containing 4 

with oxygen, such as alcoholic, carboxylic and carbonyl groups. Furthermore, the wide scan of the 5 

coated GMF showed prominent N 1s peak, indicating the successful inclusion of CS and PEI, 6 

which are rich with primary amine groups.  7 

Figure S6 illustrates TGA results obtained for CS-PEI-GO coated GMF filters.  The curve 8 

for the dip coated filters presented a mass loss of ~3% when heated up to 100 ⁰ C due to water and 9 

moisture loss. GO shows a sudden mass loss from 150 to 320 ⁰ C, which can be attributed to the 10 

decomposition of its labile‐ oxygen‐ containing functional groups.21, 37 The mass loss in this 11 

region was around ~30% for pure GO, however only ~13% for the CS-PEI-GO coating. Based on 12 

the thermogravimetric analysis data, grafting efficiency of the CS-PEI and CS-PEI-GO were 13 

calculated to be 25% and 27% respectively.21, 38 14 

Heating over 500 ⁰ C can result in decomposition of PEI molecules. The  ~7% mass loss 15 

in 500-600 ⁰ C region has been attributed to loss of PEI in TGA analyses in previous studies.21 16 

However, for the CS-PEI-GO coating, the mass loss at 500-600 ⁰ C happened gradually and 17 

slightly at a much lower rate, indicating enhanced thermal stability of the coating compared to the 18 

raw materials. It is important to note that the coating was stable below 150 ⁰ C, implying that the 19 

coated filters can be used in a vast range of process temperatures. From these wide range of 20 

characterizations, it can be seen that the optimized coating on GMF membrane is stable and 21 

capable to be applied in filtering operations. The availability of multiple functional groups was 22 

confirmed indicating the ability of the coating to remove heavy metal contaminants effectively. 23 
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3.5 Heavy metal removal efficiency of the optimized coated membranes. Heavy metal 1 

removals were carried out with the CS-PEI-GO coated GMF membranes to determine the removal 2 

efficiencies. Batch experiments were carried performedout in with single and binary metal 3 

systems. For the single metal systems, three concentrations were used: 1, 10 and 20 ppm. The 4 

values were selected based on the detection limits of the AAS instrument and the acceptable levels 5 

of Cr and Cu contaminants in drinking water. Environmental Protection Agency (EPA) has 6 

provided maximum contaminant level (MCL) in their national primary drinking water regulations. 7 

MCL values for contaminants are enforceable standards for drinking water quality. MCL value for 8 

Cr(VI) is given as total chromium, set at 0.1 ppm. For Cu(II), a treatment technique has been 9 

defined instead of a MCL, set at 1.3 ppm. This regulation for copper demands to have less than 10 

10% of the tap water samples collected to have Cu concentrations less than the action level of 1.3 11 

ppm, within a period of one month. These MCL values are based on the nonforcible maximum 12 

contaminant level goal (MCLG), which are the levels of a contaminant in treated drinking water, 13 

at which no known or expected health effects can be observed on users. The detection limits for 14 

Cr and Cu for AAS is 0.003 and 0.0015 ppm, which is well below the acceptable limits mentioned 15 

earlier.  16 

Figure 9 illustrates the data obtained for the removal of Cr(VI) and Cu(II) in single and 17 

binary synthetic solutions. In summary, CS-PEI-GO removed over 90% of both Cr(VI) and Cu(II) 18 

1ppm initial concentration, reaching acceptable limits. Cr(VI) removals were more than 95% in 19 

average even at 20 ppm initial concentration with the GMF filters coated with CS-PEI-GO. The 20 

Cr(VI) concentration in the filtrate reached the MCL level of Cr(VI), which is 0.1ppm. Increasing 21 

initial Cr(VI) concentrations resulted in a drop of the average percentage removal, which were 22 

similar in pattern to the Cu(II) removals. There was no statistical significance shown between the 23 
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removals in single and binary mixtures. This indicates the availability of enough adsorption sites 1 

and functional groups to simultaneously remove both positively and negatively charged metal ion 2 

contaminants.  3 

It is important to note that the removals for Cr(VI) and Cu(II) at 10 ppm with CS-PEI-GO 4 

coated GMF (shown in figure 4) were higher than the removals recorded for the coated cellulose 5 

quantitative 2 membranes, indicating the selection of base membrane can enhance the removal 6 

efficiencies. It is worth to note that, neither bare cellulose nor GMF membranes alone were capable 7 

of removing contaminants. GMF has a smaller and complicated pore network with pore size of 1.5 8 

µm compared to the 8 µm pore size of the cellulose matrix. This pore size provided a coating of a 9 

larger surface area, hence having a more torturous path available for the water to go through, which 10 

allowed much better removals. 11 

Figure 9: Cr(VI) and Cu(II) removal in single and binary component synthetic solutions of 1, 

10 and 20 ppm. Cr(VI) removals were more than 95% in average even at 20 ppm initial 

concentration; while Cu(II) removal dropped from ~60% to <40% with increasing initial 

concentration. However there were no significant differences between the single and binary 

mixtures indicating enough adsorption sites to uptake both Cr(VI) and Cu(II) at the same time. 
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3.7 Heavy metal removal mechanisms. XPS analysis of the used CS-PEI-GO coated 1 

filters provided insights about the successful metal adsorption onto the coating and possible 2 

removal mechanisms of Cr(VI) and Cu(II). Coated GMF filters used for the filtration of single 3 

component synthetic contaminants were dried and tested for surface properties.  4 

 5 

 6 

Figure 10: XPS spectra of spent CS-PEI-GO coated GMF filters. (a) Wide scans indicating 

signals of Cr and Cu adsorption onto the coating; (b) deconvolution of Cr 2p shows presence 

of Cr(VI) and Cr(III) oxidation forms on the spent filters; (c) deconvolution of O1s after Cr(VI) 

adsorption illustrates oxidation of graphitic carbon causing the reduction of Cr(VI) to Cr(III); 

and (d) deconvolution of N1s after Cu(II) adsorption shows the appearance of the new Cu-N 

bond.  
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The comparison of XPS spectra of CS-PEI-GO coated GMF filters before and after Cr(VI) 1 

adsorption given in Figure 10a showed the appearance of a new peak with a binding energy of 2 

577.6 eV, which can be attributed to Cr 2p. Deconvolution of the Cr 2p peak showed the presence 3 

of four major peaks as shown in Figure 10b. Peaks at 577.4 and 586.9 eV can be attributed to 4 

Cr(VI) 2p3/2 and 2p1/2, respectively. Other two peaks at 579.9 and 588.9 eV can be attributed to 5 

Cr(III) 2p3/2 and 2p1/2, respectively.39 Co-presence of Cr(VI) and Cr(III) ions analyzed with XPS 6 

showed the reduction of Cr(VI) to a less-toxic form of chromium during the adsorption process. 7 

When considering the O1s spectrum after the Cr(VI) adsorption given in Figure 10c, it 8 

deconvolutes into three major peaks. Apart from the peaks attributed to C-O-C at 530.01 eV and 9 

C-O or OH at 531.21 eV, a new peak appeared at 532.40 eV, which can be attributed to C=O. The 10 

C=O bonds can be generated due to the oxidation of C-H and C-OH bonds suggesting a possible 11 

removal mechanism for Cr(VI) ions from the solution.36, 39 When Cr(VI) anions were trapped in 12 

the porous structure of the filter matrix modified with the CS-PEI-GO coating, first they are bound 13 

to the positively charged surface of CS-PEI-GO via electrostatic attraction. This is followed by the 14 

oxidation of graphitic carbons, which results in the reduction of Cr(VI) to Cr(III) completing the 15 

red-ox reaction as shown in the XPS results.21, 39  16 

Similarly, XPS analysis of CS-PEI-GO coated GMF filters used for Cu(II) filtration 17 

indicated the presence of Cu ions on the coating surface as new peaks for Cu appeared at 936, 557 18 

and 105 eV as shown in Figure 10a. Deconvolution of the N1s peak (Figure 10d) showed three 19 

peaks, including a new peak appearing at 400.33 eV apart from the peak attributed to amine 20 

(399.80 eV) and the peak attributed to imine (397.62 eV).21, 36The new peak can be attributed to 21 

Cu-N bond suggesting the formation of a surface complex of Cu ions and amine. One possible 22 

mechanism is the donation of a pair of electrons from nitrogen atoms in the amine group to Cu(II), 23 
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which formed a shared bond between copper and nitrogen. In summary, XPS provided a good 1 

insight on successful adsorption of both Cr(VI) and Cu(II) onto CS-PEI-GO surface, while 2 

providing solid evidence for uptake mechanisms.  3 

4. CONCLUSIONS 4 

A multifunctional nanocomposite containing CS-PEI-GO, capable of removing both 5 

negatively and positively charged metal contaminants, was successfully synthesized and optimized 6 

using RSM. Coating parameters, such as soaking time in CS, compositions of PEI, GO and GLA 7 

(for crosslinking) were optimized using RSM based on the maximum removal of Cr(VI) and Cu(II) 8 

ions. Reduced quadratic polynomial models developed for the response variable showed a good 9 

correlation between actual and predicted responses during the statistical analysis. Response surface 10 

analyses indicated the importance of higher CS soaking time and higher GO concentrations to 11 

make more amine and oxygen-containing functional groups available for the removal of the 12 

selected metals. ATR-IR based stability check and removal efficiency was employed to select a 13 

suitable commercially available filter matrix based on the integrity of the CS-PEI-GO coating 14 

when exposed to various water chemistries. Thus, GMF was selected as the most suitable filter 15 

matrix for the coating. XPS confirmed the successful adsorption of contaminants onto CS-PEI-GO 16 

coating surface. High resolution scan for Cr peaks indicated that was Cr(VI) was removed from 17 

the solution via electrostatic attraction and via redox reactions, causing oxidation of organic 18 

functional groups, while reducing Cr(VI) to the less toxic form of chromium, i.e. Cr(III). Cu(II) 19 

ions formed a surface complex with amine groups by sharing a vacant electron pair. Ability to 20 

remove both positively and negatively charged contaminants, opens up the potential for using the 21 

optimized CS-PEI-GO coating to remove other contaminants such as nitrate, microorganisms, and 22 
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other toxic various heavy metals, paving the way to further studies and to a development of a 1 

technology that is applicable in real-world application. 2 
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