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Abstract

Conventional wastewater treatment technologies tend to be high-capex, energy-intensive
solutions that lack specificity for different pollution classes, and do not lend themselves to wide-
scale deployment, particularly in areas of the world where industrial wastewater discharge is a
significant environmental problem. In tandem, solid waste pollution arising, particularly plastic
containing waste, is a persistent and serious pollution issue. This work focuses on the concept of
"waste treating waste" and a multidisciplinary effort ranging from materials science and

environmental management to sustainable water treatment, in addition to production of graphene
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oxide from mineral water waste bottles using a simple synthetic procedure that can be
economically scaled up for use as a cost-effective adsorbent. Prepared graphene oxide was
supported on a polyethersulfone (PES) membrane, and batch filtration studies were performed to
examine its performance in the removal of methylene blue (MB) dye, Gentimicin sulphate
(GMS) antibiotic, and Na>SO4 and MgSOys salts from an aqueous solution. Operating parameters
such as initial pollutant concentration, time, and solution pH were investigated and optimized
using a response surface methodology (RSM) model. The results confirm the significant
efficiency of the filtration process, with a maximum rejection of about 91% for MB, 93% for
GMS, 67% for NaSOy4, and 64% for MgSOs, with maximum water flux of 1322, 1367, 1225,
and 1059 LMH, respectively. Density functional theory calculations were considered for the GO,
PES membrane, and GO/PES membrane with a GGA/PBE optimization level. Adsorption
annealing locator analysis was performed for the GO/PES membrane, and the process was
recalculated for MB as adsorbate. In conclusion, the adsorption effect employing produced
GO/PES membrane is the most important removal, followed by Donnan exclusion and steric
hindrance effect. Therefore, it is possible to build new eco-friendly membranes for nanofiltration

that are affordable, stable, and effective in removing various pollutants from water systems.

Keywords: nanofiltration, antibiotic removal, dye removal, metal ion removal, graphene

oxide, polyethersulfone membrane.

1. Introduction
Industrial activity involves the use of many different chemicals, which, if not properly

controlled, can be discharged into the aquatic environment. Dyes, pharmaceutical by-products,



and heavy metals are common examples of polluted and harmful chemicals that, if allowed to
enter the aquatic environment via industrial wastewater, can poison aquatic life and be harmful
to human health. Many treatment techniques have been developed to eliminate these pollutant
compounds from wastewater, however they are typically costly to install and/or expensive to
operate. Pressure-based membrane processes such as reverse osmosis (RO), ultrafiltration (UF),
microfiltration (MF), and nanofiltration (NF) have emerged as the most energy efficient and
technologically resilient among all water treatment techniques. Recently, NF technology has
increased in demand due to its environmental friendliness, low power consumption and provision
of greater rejection of multivalent ions and molecules of organic matter with significantly higher
flux [1, 2]. Polymers and ceramic materials are commonly employed to fabricate NF membranes.
Nevertheless, polymeric membranes are commonly employed in the manufacture of NF
membranes due to their excellent film forming properties, appropriate flexibility, and mechanical
strength. Polymers such as cellulose acetate (CA) [3], chitosan (CS) [4], polyamides (PA) [5],
polyimides (PI) [6], polyvinylalcohol (PVA) [7], polysulphones (PES) [8], and others [9, 10] are
being used in NF membranes fabrication.

Amongst the various polymers used for NF membranes, polyethersulfone (PES) is highly
preferred because of its excellent chemical and physical properties, ease of fabrication via phase
inversion methods, and compatibility with hydrophilic additives, as stated in previous reports
[11, 12]. In addition, it is soluble in popular aprotic organic solvents such as dimethylformamide
(DMF), N, N-dimethylacetamide (DMAC), and N-methyl-2-pyrrolidone (NMP). However, the
inherent hydrophobicity of PES can cause fouling and limited permeation flux due to
hydrophobic interactions between the membrane surface and the solute in the solution feed [ 13-

15]. As aresult, there is a critical need to improve membrane features, notably surface



characteristics and pore structure, in order to achieve membranes with superior separation
performance, wettability, and longer life.

Recently, several studies have demonstrated that graphene-based materials, including graphene
oxide (GO), can be used in membrane filtration processes to remove organic and inorganic
pollutants from wastewater [16-18]. GO nanosheets are decorated with many hydrophilic
oxygen-containing reactive groups, including carboxyl, hydroxyl, and epoxy, on their basal and
edges, which gives GO an extraordinary hydrophilicity character [19]. The deprotonation of the
carboxylic groups at the terminal of the GO nanosheets, which renders GO negatively charged,
also causes GO to show a notable rejection towards salt ions or organic cation molecules across a
broad pH range [20, 21]. When compared to unmodified membranes, it has been discovered that
a number of PES membranes treated with GO or rGO show better characteristics, including pure
water flow, antifouling, solute rejection, and photodegradation [12, 22].

Many researchers have studied the synthesis of GO using conventional hammering [23, 24] or
sophisticated electrochemical and microbial techniques [25]. Even that graphene synthesis from
plastic waste used complex and expensive techniques [26 - 29]. In this study, we report on our
attempts to find a practical solution for plastic waste accumulation and water pollution that can
be used on an industrial scale. In other words, waste-derived materials can be used in waste
water treatment based on the “wastes-treat-wastes” principle to achieve the goals of waste
management and water treatment with cost consideration. By using waste water bottles as low-
value waste materials, GO was prepared using the catalytic thermal dissociation technique under
autogenic conditions. The prepared GO was deposited as a thin layer on the PES substrate
membrane, and the obtained GO/PES membrane was used in the removal of different

contaminants from the aqueous solution. As previously explained, the properties of natural PES



combined with GO are thought to make a better composite for color removal and water
purification, and Monte Carlo (MC) simulation is necessary to validate the pollutants' adsorption
behavior on the surface of the enhanced GO/PES membrane [30]. Moreover, computational
techniques can predict the effective behavior of the modified GO by studying the surface
interaction types and identifying the optimum MC parameters [31]. A key feature of our work is
the combination of experimental results achieved using in situ membrane performance
evaluation and characterization, complemented by optimization of the results using
computational techniques.

2. Materials and Methods

2.1. Preparation and characterization of GO/PES membrane

GO was synthesized from shredded polyethylene terephthalate (PET) plastic water bottle waste
by pyrolyzing them in the presence of a catalyst within a 50 mL enclosed stainless-steel (SS316)
autoclave [32 - 34]. In the center of an electric furnace, the reactor was placed, then the furnace
was heated to 800°C and held there for an hour. The pyrolysis process happened under autogenic
pressure. The system was allowed to cool overnight, and then the resulting material with a yield
of 30% was ground into a fine powder.

The resulting GO was supported on a PES membrane (0.20 micron pore size, 47 mm) (Sterlitech,
USA) to prevent GO leakage into treated water. The GO/PES coated membrane was prepared
according to the following steps, as shown in Fig.1. Step 1: Disperse the milled GO into distilled
water to give a concentration of 0.1 mg/ml. Step 2: Use a vacuum deposition technique to deposit
10 ml of the GO dispersion onto the PES membrane. Step 3: Allow the GO-coated membranes to

dry overnight in a sealed petri dish.
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Figure 1: Schematic illustration of the steps for preparing GO/PES membranes via vacuum
deposition technique.

Some basic characterization of the prepared GO powder and GO/PES membrane was conducted,
including surface functional groups analysis using Fourier Transform Infrared (Bruker ALFA
FTIR spectrometer) with a range from 400 to 4000 cm™!, Zeta potential measurement was
determined using a Malvern Nanosizer Zeta potential and pH of the suspensions was adjusted
using 0.1 M NaOH or HCI. Raman analysis was carried out using spectroscopy (model:
SENTERRA Raman spectrometer, Bruker- Germany) and performed using a 514.5 nm laser
beam. Transmission Electron Microscope (TEM, TECNAI G20, Netherland) was also used to
explore GO morphology while for GO/PES membrane scanning electron microscopy (SEM,
JEOL JSM/6360LA, Japan) was used. Surface hydrophilicity using a contact-angle analyzer
(Rame-Hart Instrument Co. model 500-FI) with. The Brunauer-Emmett-Teller (BET) surface
area and total pore volume were measured using Barret-Joyner-Halenda (BJH) adsorption
methods. XPS (a Perkin-Elmer Phi 5300 ESCA system) was used to determine the composition
of GO.

2.2.Computational study

All of the DFT computations were performed using the Materials Studio Package innovating unit

cell generation. Computational optimization of the studied systems used the Perdew—Burke—



Erzerhof exchange—correlation functional (PBE), a projector—augmented wave basis set
originated from generalized gradient approximation (GGA) functional, and assuming periodic
boundary conditions, and a semi—empirical Grimme's DFT-D3 incorporating van der Waals
correction [35, 36]. By using Monte Carlo (MC) simulation, the adsorption of MB dye on the
GO/PES membrane was investigated. Adsorption Locator module using current in the charges
approach [37] was carried performing MC simulation using Universal force field, and the
fundamental MC simulation methods that were applied in this study were laid forth by Frenkel
and Smit [30]. In this investigation, the MD simulation was also run. The electrostatic and van
der Waals terms were handled in the MD simulations using the Ewald and group-based
approaches, respectively.
2.3. Performance evaluation and analytical protocols
Batch experiments were carried out to examine the adsorption efficiency of the GO/PES
membrane in a Sterlitech HP4750 dead end filtration cell (Fig. S1), operated at 25 °C,
transmembrane pressure (TMP) of 0.25 bar with effective membrane surface area of 17.34 cm?
using methylene blue (MB) dye, Gentimycin sulphate (GMS) antibiotic, and Na;SO4 and MgSO4
salts in aqueous solution (all chemicals were purchased from Sigma Aldrich and used without
further modification). The feed pH was initially lowered by using 0.1M HCL and was raised
gradually by adding 0.1M NaOH.
Flux was recorded by measuring the mass of permeate collected over a measured time period
using eq.1

J=V/(A x At) (1)
where, J is permeate flux (including water and unremoved contaminant transfer through the

membrane), A(m?) is the membrane area, V(L) is permeate volume and At (h) is time the



sampling. The rejection % was recorded by measuring the percentage quantity of contaminant
that the membrane is able to remove from water and it was calculated according to eq.2:

R% = (1 — Cp/Cf) x100 (2)
where Cr and C, are the concentrations of contaminant in feed and permeate, respectively.
Similarly, the permeability P, is the scaling of permeate flux by the filtration pressure, calculated
according to eq. 3:

P=V/(AxAtxp) 3)
where p is filtration pressure.
Dye filtration tests were carried out with 100 ml of aqueous MB solution at initial concentration
10 mgL'. The dye was agitated with a magnetic stirrer throughout experiments, to minimize the
effects of concentration polarization. The mass of dye permeating through the cell was measured
and timed in incremental quantities of 10 mL, Dye absorbance was measured using single
frequency UV absorption (Biomate UV) at A = 664 nm. The procedure is iterated until 60 mL has
permeated through the cell, after which time the apparatus is depressurized and disconnected.
Analogous procedure to MB filtration the initial Gentimicin Sulphate (GMS), Na>SO4 and MgSO4
concentration is 10 mgL!. The Concentration of single salt solution was conducting by
measuring the conductivity of the salt solution using a conductivity meter (Fisher Scientific 09—
330 Traceable Bench).
2.4. Optimization of the adsorption process
To optimize adsorption conditions, we tried to establish a relationship between factors and
responses, according to a response surface methodology model. The selected matrix for the
response surface methodology followed the Box—Behnken design [38] with 17 trials [39]. To

evaluate the adsorption process performance, three factors were used: A (time, min.); B (initial



concentration, mg L™!); and C (solution pH), at three levels of —1, 0, and 1 as illustrated in Table

S1, S2, S3. Data analysis and optimization were carried out using Design-Expert 13 software.

Leaching test of GO from GO/PES membrane

3. Results and Discussion

3.1. Characterization of GO and GO/PES membrane

Raman spectroscopy is a potent tool for analyzing the molecular bonding characteristics of
carbon-based materials. The Raman spectra recorded for prepared GO from waste mineral water
bottles (Fig. 2a) exhibit the two characteristic peaks of graphitic carbon materials, the D-band
1340 cm™ and the G-band at 1595 cm!, assigned to defects in the graphene layer and the sp?
hybridized carbon system, respectively [40]. However, the intensity ratio of the D and G bands
(In/Ic) that quantify the relative levels of disorder is 0.68, which confirms that the obtained GO
nanoshetes has low structural defects ratio. Furthermore, TEM imaging (Fig. 2b) shows the GO
nanosheets as irregular agglomerated and individual nanosheets. Meanwhile, the survey XPS
spectrum as shown in Fig. 2¢, demonstrates two main peaks at the binding energy of 533 eV and
285 eV corresponding to the Ols and Cls peaks respectively. It is clearly evident from Fig. 2¢
the obtained GO is not highly oxidized. By curve-fitting analysis (Fig. 2d),the Cls spectrum of
GO was deconvoluted into four peaks at 284.5, 285.3, 287 and 289.5 eV, corresponding to the
sp? carbon in aromatic rings, the epoxide, C=0 and the carboxyl functional groups, respectively
[ 41, 42]. The dominant C-C/C=C peak at 284.5eV indicating a considerable sp*/sp? carbon

regions in GO structure.
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Figure 2: (a) Raman spectrum, (b) TEM image, (c) XPS survey spectrum and (d) C1s high-

resolution XPS spectra for prepared GO nanosheets.

The functional groups of the prepared GO, PES and GO/PES membrane were investigated using
Fourier transform infrared spectroscopy, as shown in Fig. 3a. The FTIR spectrum of GO

consisted of a strong broad band at 3446 cm™', corresponding to O-H stretching, while the band at
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1636 cm™ can be attributed to the OH stretching and bending vibration of water molecules adsorbed
on graphene oxide. However, the bands at 1420, 1272 and 1057 cm! corresponded to C-OH, C-
O-C and C-O bend respectively reflecting an oxygen content in GO, consequently its adsorption
reactivity will be increased [26, 43- 46]. While the characteristic spectrum of the PES membrane
included aromatic skeletal bonds between 1400 cm ™! to 1700 cm™!, and C—O—C stretching bonds
at 1200 to 1320 cm™'. In addition bands observed at about 1350 and 1160 cm ™! were referred to
asymmetric and symmetric stretches of sulfone groups (SO») in PES. The FTIR spectra of the
GO/PES membrane was found to be similar to the PES membrane because there is no chemical
bonding of GO to PES substrate, as it is a physical coating process, in addition GO/PES
membrane has less signal intensity due to GO layer hinder. The recorded surface area by using
BET device of GO and GO/PES membrane were placed in Fig. 3b. It is clear that the adsorption-
desorption isotherms of N> for GO appears as characteristic [IUPAC-type IV nature and exhibits
meso- and macroporosity, that could be attributable to the inter-layer spaces between the
graphene sheets. The N> sorption isotherms of GO/PES membrane shows narrow hysteresis loop
and large specific volume adsorbed at low relative pressures, indicating the presence of meso-
and macropores, in addition the hysteresis loop rising above a relative pressure of 0.9 and not
reaching saturation, which prevents them from meeting at the endpoint and this phenomenon
called "Open hysteresis" [47]. Table S4 shows the produced specific surface area with main
pores diameter and total pore volume for GO and GO/PES membrane. It is worthy to note that
the total pore volume and mean pore diameter of GO as powder is higher than those of GO
supported on PES membrane. The distribution of the average pore sizes was observed using the
BJH method as shown in Fig.3c and Fig. S2a and S2b, whereas GO and GO/PES membrane

showed similar pore size distribution with co-existence of textural meso and macropores which
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Transmittance/%

improves the adsorption process. In addition to the membrane's effective pore size, the charge

density of functional groups and the membrane's hydrophilicity have substantial impact on the

performance of NF membranes. However, surface potential measurements are a useful method

for determining the charge density of the surface functional groups, which dependent on the feed

conditions, such as pH. Surface potential of GO/PES membrane measured for a range of pH

values is shown in Fig. S3. GO/PES membrane have a negative surface potential (-28 mV) at

neutral pH because they are decorated with oxygenated groups, which declined to -2 mV at pH 2

due to protonation of oxygenated groups. SEM image in Fig.3d shows a dense porous layer of

GO on the PES substrate. The stacked GO nanosheets on the membrane surface forming filtering

channels for water molecules and pollutant cations [48]. The contact angle between the GO/PES

membrane surface and water was used to measure the hydrophilicity of the membrane, and the

contact angle was found to be 56.5° as shown in Fig.3e. The results of contact angle for GO and

GO/PES membrane (Fig. 3e & f) are illustrated in Table SS5. The GO/PES membrane was found

to be more hydrophilic than pure PES, suggesting incorporation of GO increases the membrane's

hydrophilicity due to the presence of numerous oxygenated functional groups in GO which can

attract more water molecules on the surface [49, 50].
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Figure 3: (a) FTIR spectra, (b) N> adsorption—desorption isotherms, (c) average diameter

distribution, (d) SEM image and contact angle of (e) PES, (f) GO/PES membrane.

3.2.Computational Simulation model

To study the interaction between GO and PES, optimization results were generated and displayed
in Fig.4 as the studied structures processed via DFT postulation. The interaction between the
optimized GO and PES was generated with three H-bond formation based on the type of oxygen

atoms distributed on the GO layer. As a result, the current work estimated a hydrogen bonds
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formation at a distance of 2.17A and 2.35 A between the hydrogen atom of the GO layer and the
sulfur atom of the PES membrane (Fig.4a) and the other between the different oxygen forms of
GO and hydrogen atoms of PES. The distance between the active contact sites of the optimized
interaction system can also be used to gauge the degree of interaction. The bond lengths between

the GO two oxygen molecules and the hydrogens in PES are 2.12 A and 3.58 A, while H-bond

present between oxygen of PES and H of GO-OH group has a length of 2.23 A. (Fig.S4).

(a) (b)
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(c)
Figure 4: Computational optimization using DFT/GGA/PBE level for (a) GO nanoparticals, (b)

PES membrane, and (¢) GO/PES interacted structure.

Adsorption Locator calculations deal with the lowest configuration that was produced by the dry
adsorption of MB dye as an example for cationic pollutant on the GO/PES nanostructure surface
is shown in Fig. 5. It was previously reported that MB dye molecule contains many donor and
acceptor sites for hydrogen bonding (HBs) [51]. The model construction was developed by
adsorption estimation of MB dye molecule onto GO/PES membrane surface. Fig. Sb displayed
the best adsorption model for GO/PES membrane towards MB dye. To investigate some
important non-covalent interactions, it was predicted the formation of H-bond between H atom
of MB and epoxy oxygen of combined GO nanostructure with distance of 2.63 A. Furthermore,
the hydrogen atom of MB molecule is linked to the oxygen atom of the combined GO nanosheets
at a distance of 2.82 A. Other additional H-bonds between sulfur atom of MB and H atom of OH
group in GO with a distance of 3.06 A. The combined GO/PES was developed with other locator
simulation to include MB molecule and this leading to some interaction modification in the
GO/PES system based on the strength of MB adsorption. According to the results of the
energetic parameters, the processed model generated the energies of adsorption (Eads), contact
(Eint.), and deformation parameter (Edef) of the studied MB dye on the GO/PES membrane as
well as substrate-adsorbate configurations (dEads/dNi), in which one of the adsorbate
components has been removed. The best estimated module possesses Eads value of -48.72
kcal/mol, leading to adsorption of MB on the GO/PES membrane with negative value and this is

a realistic point for energetically advantageous exothermic adsorption and spontaneous with
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intermolecular interactions with interaction energy (Eint.) of 34.19 kcal/mol. Other important
parameters such Edef and dEads/dNi estimated -14.53 kcal/mol and -48.31 kcal/mol,

respectively.

® C ® ® o

(a) (b)

Figure 5: (a) computational optimization using DFT/GGA/PBE level for MB molecule, (b)
Molecular adsorption modules originated from simulated annealing calculation of GO/PES/MB

systems with H-bond distances.

3.3. GO/PES membrane performance evaluation

The GO/PES membrane performance was evaluated as shown in Fig. 6a by measuring how pure
water flux responded to the operating pressure differential across the membrane. It was noticed
that, over the examined pressure range up to 2 bars, the membrane showed a proportionate flux
increase with the applied pressure gradient. On the other hand, the GO/PES membranes with

different GO loadings were tested for water permeability. It was observed that, the amount of
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Flux/ LMH (X100)

GO loaded on the PES substrate has an inverse correlation with the permeability of the GO/PES

membrane as shown in Fig. 6b. It is anticipated that the resistance of the GO layers will

predominate the overall resistance for flow through the membrane [20, 52] whilst, as more GO is

loaded on the PES substrate, the resistance of the GO layer rises linearly because the chemical

composition of the deposited GO layer and the alignment of the GO sheets determine which

specific resistance it produces [9, 53]. Therefore, to obtain great performance, an ultrathin and

aligned layer of GO made up of just a few GO sheets is preferred to be loaded on the underlying

substrate , which have some inherent surface roughness, therefore a minimum thickness of GO

layer is required to assure defect-free coating of GO. However, the separation performance of the

membrane produced by the synthesis of GO layer coatings less than 18 mg/m? was subpar as

investigated by Aher et al. [20].
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Figure 6: (a) Flux-pressure responsiveness and (b) Permeability of GO/PES membrane with

different loadings of GO.
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The removal of MB and GMS as organic pollutants and Na>SO4 and MgSOy as single salt was
investigated to evaluate the separation performance of GO/PES membrane under 0.25 bar. As
shown in Fig. 7 a, b, the rejections of the membrane to the examined pollutants follow the order
of GMS >MB > Na;SO4 > MgSOs. The rejection % of GMS and MB can reach 93% and 91%,
respectively, while the rejection % of Na>xSO4 and MgSO4reached 67% and 64 %, respectively.
The separation of MB and GMS depend mainly on the electrostatic adsorption interaction
between cationic MB and GMS, and the negative charge surface of GO/PES membrane [54, 55].
In addition, the relative molecular weight of the organic molecule has an additional effect,
whereas the larger the relative molecular weight (Mwt. of GMS is 463 g mol™!, Mwt. of MB is
319.83 g mol™!) the more sieving hindrance of the membrane, and the greater rejection rate [56].
However, the development of molecular sieves based on graphene will open the door in the
future to extremely selective separations. On the other hand, Mg?* rejection depends on Donnan
exclusion in addition to ionic sieving [57] and Na'* rejection depends on steric hindrance since it
has weak electrostatic repulsion and that results were found to be consistent with literature [7, 58
- 60].

Generally the fabricated GO/PES membrane has a high porosity, hydrophilicity and negative
charged surface due to the deprotonation of the carboxyl and hydroxyl group in GO and the
sulfonic group in PES, therefore it exhibits better rejection performance to high molecular weight
positive charged organic pollutants as GMS and MB in addition to NaxSO4 and MgSOs4 even
though both salts consist of SO4* ions, a schematic suggestion of all interaction mechanisms of

GO/PES membrane NF was shown in Fig. 7c.
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Figure 7: (a) rejection % and permeate flux, and (b) permeability through GO/PES membrane
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mechanisms of GO/PES membrane NF.

3.4.Optimization of membrane performance
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Batch filtration studies with time range 0-3 min., initial contaminant concentrations of 5, 10, 15
mg L' for MB, GMS, Na,SO4 and MgSOs, and solutions pH ranged between 2 to 12 were
conducted to find the optimum conditions for the filtration process. The effects of time, initial
contaminant concentration at various solution pH on rejection efficiency are summarized in 3D
surface plots as shown in Fig. 8 and Fig. 9. In general it was found that the rejection efficiency
decreased with increasing initial contaminant concentration, whilst it increased with filtration
time. Our observations suggest that, at the start of the experiment, contaminants were adsorbed
externally and the adsorption rate increased rapidly. Once the external surface became saturated,
the adsorption process occurred through the membrane pores and finally reached a constant
value where no more adsorption occurred [61]. Moreover, based on the perturbation plots
(Fig.8g&h, Fig.9g&h), it was observed that, the solution pH had a significant effect on the
filtration performance and its effect is greater than time or initial contaminant concentration
effect. The effect of pH on contaminant rejection can be explained by changes in membrane
charge and electrostatic attraction/repulsion between ions and membrane [62]. For GMS, the pH
of the solution varied from 3 to 9 and it was observed that the rejection % increased with solution
pH increasing till it reached pH 8, then decreased with solution pH increasing. That can be
explained by, GMS has amphoteric characteristics and usually appears in three different forms:
in the cation form at low pH, in the zwitterion form at pH values between 6.1 and 8.7, and in the
anion form at high pH as shown in Fig. S5a. However, at solution pH values increases from
acidic to basic, the zeta potential of GO/PES membrane surface become more and more
negatively charged and the rejection % increases until reached pH 8. It was proposed that GMS
filtration through GO/PES membrane was dependent on two factors, first, surface charge and

functional surface groups, while the second factor is the size of pollutant molecules and
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membrane pores size (sieving mechanism). While for MB dye under acidic pH, lower dye
rejection % were observed and in neutral and basic pH, the higher dye rejection % were
obtained. However, the lower rejection % of MB dye under acidic pH can be attributed to the
protonation GO/PES membrane surface and surrounded by many hydronium ions, which
compete with MB molecules and that induced the electrostatic repulsion between MB dye and
the membrane surface. Conversely, the higher MB dye removal in basic pH can be attributed to
the deprotonation of numerous COOH groups of GO into negatively charged COO™ enhancing
the electrostatic attraction between MB molecules and the membrane surface and that was
confirmed from the FTIR spectra of the GO/PES membrane before and after MB dye filtration as
shown in Fig. S6. Whereas, the FTIR spectrum for GO/PES membrane before filtration process
was found to be similar to that of GO/PES membrane after filtration process with less signal
intensity due to MB layer hinder. Therefore, it is reasonable to anticipate that positively charged
molecules will experience "charge concentration polarization" as a result of electrostatic
attraction [63, 64]. It is likely to conclude that the higher rejection rates were mainly caused by
the increased negative charge on the membrane surface. For Na;SO4 and MgSOs by increasing
the solution pH, the rejection efficiency first increased until reaching pH 7 and then decreased.
The protonation of GO/PES membrane surface in acidic aqueous solution occurred, resulting in
affinity interaction between SO4>~ and the positively charged membrane surface, which may
benefit the passage of SO4>~ through the membrane and hinder the passage of Na* and Mg?*. On
the other hand, as proved by zeta potential data, at high pH values the membrane’s negative
surface charge increased, the water flux of the membrane will be decreased and the salt
concentration will be raised indirectly in the permeate; consequently, that may be a factor in the

relatively low salt rejection [65 - 67].
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The following equations provide the best fit for the quadratic model, which described the
statistical relationship between the chosen variables (A: time, B: initial contaminant
concentrations, and C: solutions pH) and the response (Rejection) in terms of coded components.
Rejection Yocus = 82 +6.5A +1.38B +29.38C -2.25AB+0.25AC-3.5BC-1.00A% +1.25B? -25.75C* (4)
Rejection Yomp = 53 +5.13A -1.00B +23.88C -0.75AB+2.5AC-6.25BC-5.5A? -4.25B* +8.5C° (5)
Rejection Yonasos = 59 +5.87A -1.37B -1.75C -10AB+1.75AC+3.75BC-7.25A% -5.25B? -37C* (6)
Rejection Yomgsos = 54 +7.137A+1B -2.12C -1.25AB+0.5AC+2.25BC-1A%-1.25B? -41.5C* @)
A positive-sign coefficient indicates a synergistic effect of the element, conversely a negative sign
denotes the factor's antagonistic effect [68]. The ANOVA analysis of variance, as shown in Table
S7, S9, S11 and S13 of model validations demonstrated that, the coefficient of determination R,
adjusted R, and predicted R?> which are indices of the quality of the regression are in reasonable
agreement whereas the difference is less than 0.2 for GMS, MB and Na>SO4. While for Mg>SO4
the difference is more than 0.2 and this may indicate a large block effect. Nonetheless, the
coefficient of determination provides many measures of the model's quality, indicating strong
agreement between the fitted model's anticipated values and experimental results. Since there is a
strong correlation between the expected removal rate from the model and the data, therefore it
can be conclude that the mathematical model is acceptable and sufficient [68, 69].

In this respect, optimal levels were obtained from the maximum point of the polynomial model
to achieve 95.2% rejection % for GMS were 2.4 min filtration time, 5.3 mg L™ initial
concentration at solution pH 8. For MB the rejection % was 91% at filtration time 3 min, initial
concentration of 5.8 mg L™ and 12 of solution pH. For Na>SOs the rejection % was 63.8% at
filtration time 3 min, initial concentration of 5 mg L™ and 7 of solution pH, while for MgSOy4 the

rejection % was 62% at filtration time 3 min, initial concentration of 9.4 mg L™ and 7 of solution
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pH. Therefore, these results emphasize the necessity and value of using the response surface
method to design the experiments which can be considered as an effective choice in the

optimization of process parameters [70].
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3.5. Leaching test of GO from GO/PES membrane
Leaching experiments were conducted to investigate the stability of GO nanosheets bonded to
PES membrane with surface area 17.34 cm?, whereas leaching was ascribed to the unreacted GO
nanosheets that was physically adsorbed on the PES membrane surface. The initial concentration
of GO on the membrane surface was 60 mg.m™. It was found that after 5 days leaching study, 3
mg of GO was leached out of the PES membrane surface by first day with the majority of the
leaching about 76%. As shown in Fig. 10, the leaching of the GO nanosheets was significant, as
approximately 62% of the GO nanosheets remained covalently attached to PES membrane after

5 days.

0.35

0.304

/ weight %

Leashed GO nanoparticles

0.05 4

0.00 T T
0 1 2 3 4 5 6

Days

Figure 10: The weight % of GO nanosheets leached during 5 days.

It came to light that our environmentally friendly fabricated membrane for NF is practical to use
to remove different contaminants from water compared to previous studies, as illustrated in
Table 1. However, the prepared GO can compete with other carbon-based materials, which can

solve one of the environmental sustainability problems by reducing plastic waste pollution. It
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was prepared by using a simple one-pot and an easy operational procedure that can easily be
scaled up, offering great future potential for industrial production. Furthermore, as the
subsequent experiment has demonstrated, carbon based materials may be readily supported on
membrane by high vacuum filtering to produce stable membrane that can be used repeatedly at
low pressure.

Table 1: A comparison of the effectiveness of several carbon/polymer NF membranes used to

remove various contaminants

Membrane contaminant Rejection (%) Reference
GO/molybdenum disulphide (M0S2)-PVA composite Na* 89 [71]
membranes

Polyethersulfone support with polyethyleneimine Mg*? 95.14 [72]

active layer, doused GO with trimesoyl chloride

Poly Vinylidene Fluoride (PVDF)/Graphene Oxide MO dye, <50 [54]
(PGO) composite membrane MB dye 98
Polyethersulfone support GO/cyclodextrin Congo red 97 [73]

Eriochrome 99

black T
GO supported on PES membrane MB dye 91 This work
GMS >93
antibiotics 67
Na* 64
Mg*?
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4. Conclusions

GO was prepared using waste mineral water bottles. The resulting GO was supported on PES
membranes and used to remove MB dye, GMS antibiotic, and Na>SO4 and MgSOy salts from an
aqueous solution. The results show that time, solution pH, and contaminant concentration were
significant operating parameters affecting membrane performance. The rejections of the
membrane towards the examined pollutants follow the order of GMS> MB > Na>SO4 > MgSOa.
The performance of the filtration process using the GO/PES membrane mainly depends upon
electrostatic attraction/repulsion force and non-covalent interactions between surface membrane
charge and contaminants ions, as confirmed by applying DFT, which predicted a best adsorption
locator MB model with significant energetic behavior (-48.72 kcal/mol). The prepared GO/PES
membranes exhibited acceptable properties as NF membranes for investigated water
contaminants and thus could offer a solution to waste disposal and industrial wastewater
treatment.
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