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Abstract 1 

The type and loading level of oxygen-containing functional groups on graphene oxide (GO) 2 

nanosheets significantly affect the size and alignment of nanochannels formed between the GO 3 

nanosheets and the separation performance of laminar GO membranes. Here, we demonstrate 4 

how double-oxidation of GO leads to the higher surface charge of GO nanosheets, the 5 

formation of highly stable water-based GO solution, more-ordered deposition of GOs on the 6 

polyethersulfone membrane through the pressure-assisted self-assembly method, and the 7 

formation of highly durable GO membranes possessing smoother surface morphology and 8 

higher antifouling properties. A multi-technique investigation was applied to follow the 9 

physicochemical difference between GO and double-oxidized GO, and the physical stability 10 

and separation performance of the corresponding membranes using experimental and 11 

computational studies. The double-oxidized GO-based membranes provided a significantly 12 

high water flux of 230 L/(m2.h) in 2.5 bar transmembrane pressure, excellent rejection of 99.9% 13 

for methylene blue (MB) dye, and outstanding separation performance stability over time. In 14 

contrast, GO membranes showed rejection of 81.5% for MB, and their separation performance 15 

diminished significantly over time. The antifouling properties of double-oxidized GO 16 

membranes were substantially higher (~ four times) due to their higher negative surface charge 17 

and smoother surface morphology. The density functional theory (DFT) was used to gain 18 

insight into the interactions between the functional groups and the reasoning for the higher 19 

mechanical stability of double-oxidized GO membranes. Results revealed that the formation 20 

energy of GO decreases by increasing the number density of functional groups. It was also 21 

found that a higher number of carboxyl groups at the edges of the double-oxidized GO leads 22 

to higher hydrogen bonding, higher binding energy, and a more stable GO-membrane structure. 23 

 24 
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1. Introduction 1 

Nanofiltration (NF) is a pressure-driven technology that has attracted considerable attention 2 

due to its high water flux relative to the applied low pressure and excellent separation capability 3 

[1]. The global market for NF membranes is growing almost 20% annually, reaching $1.2 4 

billion by 2024 [2]. The pore size of NF membranes is 0.5−2 nm, which is suitable for retaining 5 

multivalent ions and many small organic molecules. This feature makes NF membranes eligible 6 

candidates in applications such as desalination, food and pharmaceutical industries, and 7 

wastewater treatment [2, 3]. Despite the development of NF membranes in recent years, these 8 

membranes still suffer several drawbacks. Inorganic NF membranes, such as zeolites, ceramic 9 

membranes, and metal-organic frameworks, are fragile, costly, and challenging to prepare and 10 

reproduce [4-6]. Polymeric NF membranes show a trade-off between water permeability and 11 

salt rejection, high swelling after long-term operation, and poor mechanical stability, which 12 

result in the inadequate separation efficiency of these membranes. New progress in 13 

experimental and computational studies of materials has provided an approach to investigating 14 

the structure and separation mechanism of membranes with a high degree of accuracy [7]. The 15 

strategies applied to overcome the limitations of NF membranes include; reducing the thickness 16 

of the selective layer [8], increasing the effective area of the membrane by controlling the 17 

surface morphology [9], improving membrane hydrophilicity by adding nanostructured 18 

additives [10] or functional groups [11], and reducing mass-transfer resistance [12]. 19 

Graphene oxide (GO) has been the focus of many theoretical and experimental studies in the 20 

field of membrane separation. GO nanosheets have a hexagonal ring-based carbon network 21 

structure comprising sp2- and sp3-hybridized carbon atoms and a significant number of oxygen- 22 

containing functional groups, covalently bonded to the basal plane and edges of nanosheets. 23 

[13]. Owing to the outstanding electronic,  mechanical, chemical, and thermal properties of 24 

GO, it has been considered a pioneering material for application in different fields, including; 25 
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electronics and dielectric field [14, 15], electrochemical sensors [15, 16], medicine [17], 1 

composite materials [18] and molecular separation [19].  2 

Revolutionary advances in water treatment technology have been achieved recently by 3 

incorporating GO in the membrane technology [1]. GO membranes have been considered 4 

promising candidates for wastewater treatment due to their extraordinary characteristics, such 5 

as excellent water flux, suitable thermal stability, flexibility, and good antifouling properties. 6 

The presence of the hydrophilic functional groups, such as carboxyl, carbonyl, epoxy, and 7 

hydroxyl groups, on the GO nanosheets, provides the possibility of adjusting their 8 

physicochemical characteristics.  The functional groups keep the nearby GO nanosheets apart 9 

from each other and form interlayer nanochannels, providing permeable pathways for the 10 

frictionless flow of water molecules [20]. The size of the nanochannels varies greatly by the 11 

type and number density of hydrophilic oxygen-containing functional groups present on the 12 

GO nanosheets [21, 22], and can be adjusted by altering the oxidation level of GO, reduction 13 

of GO, intercalation, and cross-linking [23]. The functional groups have strong interaction with 14 

water molecules and make GO easily dispersible in water, which is critical in the preparation 15 

of porous polymer supported-laminar GO membranes using pressure/vacuum-driven filtration, 16 

and other liquid phase methods [1]. Furthermore, the water permeation and rejection behavior 17 

of these membranes are greatly dependent on the characteristics of the functional group [24].  18 

Since the first report on the unimpeded permeation of water molecules through the laminar GO 19 

membranes by Nair et al., many studies have been carried out to investigate the separation 20 

efficiency of GO membranes toward different species such as organic molecules [19], solvents 21 

[2] and ions [25]. Tremendous efforts have also been made to improve the separation 22 

performance of GO membranes in terms of water flux, rejection, and fouling [23, 26, 27]. Low 23 

ion rejection is the most crucial weakness of GO membranes. It has been shown that the 24 

selectivity of GO membranes toward molecules and ions is greatly influenced by the size and 25 



5 

 

laminar order of nanochannels formed between GO nanosheets – ordered structures provide a 1 

higher selectivity [28]. The mass transfer through GO membranes depends significantly on the 2 

defects/pores of nanosheets, interlayer spacing, functional group type, and their number density 3 

on GO nanosheets[23]. Despite the intrinsic high water permeation flux of GO membranes, the 4 

water flux decreases by improving the rejection of these membranes, and there is an inverse 5 

relationship between the water flux and rejection [29]. Several physical and chemical methods 6 

have been proposed to control the transport channels to achieve high water flux and rejection 7 

simultaneously [23]. Reducing GO to rGO [28] and intercalating functional nanomaterials [30], 8 

[31], molecules [32], and cations [33] between GO nanosheets are the main chemical 9 

approaches applied for accurate tuning of interlayer spacing to achieve suitable separation 10 

performance from GO membranes for different species. The oxidation level of GO can be 11 

described by the C/O ratio [34, 35]. Reducing GO to rGO leads to the decrease of the interlayer 12 

spacing and increase of the sp2-hybridized carbon atom domains, which have opposite effects 13 

on the water flux – the increase of the sp2-hybridized carbon domains improves the water flux 14 

due to the lower friction, while the smaller interlayer spacing limits the water flux. Therefore, 15 

the maximum water flux attainable from rGO membranes is the consequence of these two 16 

opposite effects, and it is significantly altered by the reduction degree[36]. The rGO 17 

membranes, due to the narrower interlayer spacing, are more suitable for the sieving of small 18 

molecules [37]. The interlayer spacing may also be enlarged through the chemical reduction if 19 

cross-linkers are inserted between the rGO nanosheets [23]. 20 

The influences of a higher oxidation degree of GO for different purposes except for the NF 21 

membrane have been reported previously. For instance, the effect of pre-oxidation of graphite 22 

on the electrochemical sensing properties of GO has been investigated by Sun et al. They 23 

showed that the pre-oxidation of graphite leads to the formation of single-layer GO nanosheets 24 

possessing larger sizes (average lateral size up to 20 μm), providing more stable dispersion 25 
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solutions and good conductivity after reduction[38]. In another work, Nováček et al. used 1 

multiple oxidations to tune the GO composition for the carbon dioxide storage and capture of 2 

toxic metals [39]. Results showed that the second and third subsequent re-oxidation reactions 3 

significantly increase the amount of oxygen-containing groups in GO, mainly carboxylic. The 4 

multiple oxidations of GO led to a significant increase in the carbon storage capacity and a 5 

more than one-fold increase in the sorption capacity due to the high concentration of oxygen- 6 

containing functionalities. A few studies have reported the application of highly-oxidized GO 7 

in water/wastewater treatment [40, 41]. Increasing the GO oxidation degree is commonly 8 

carried out by altering the synthesis parameters such as the oxidation time [40], premixing of 9 

oxidants [41], and two-step oxidation [42]. To the best of our knowledge, there are no reports 10 

investigating the influences of GO multiple oxidations on the separation performance of 11 

laminar GO membranes in the NF process.  12 

Ideal laminar GO NF membranes for wastewater treatment should have high water flux while 13 

providing the required rejection under relatively low pressure. As discussed, optimizing the 14 

separation performance of the GO membranes is attainable by changing the features of GO and 15 

the porous polymer support, and the method of membrane preparation. However, the diversity 16 

of effective parameters and the time-consuming process of membrane preparation has led to 17 

slow progress in optimizing the separation performance of these membranes. Density 18 

Functional Theory (DFT) studies can provide detailed information regarding molecular 19 

interaction and bonding and give insight into the separation mechanism of NF membrane. DFT 20 

studies have been applied to investigate the GO oxidation degree influences on the bandgap 21 

[43],[44], optical properties [45], and adsorption capacity [46] of GO. However, there are no 22 

reports on applying DFT to compare the arrangement and stability of the GO and double- 23 

oxidized GO nanosheets in monolayer and multilayer forms in the laminar GO membranes 24 

used for wastewater treatment.  25 
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In this work, we demonstrate how double-oxidation of GO leads to the higher surface charge 1 

of GO nanosheets and the formation of a highly stable water-based GO solution. It also resulted 2 

in the more-ordered deposition of GO nanosheets on the polyethersulfone support membrane 3 

through the pressure-assisted self-assembly method and the formation of highly durable GO 4 

membranes possessing smoother surface morphology and higher mechanical and antifouling 5 

properties. The physicochemical and morphological analyses were used to compare the 6 

properties of the prepared GO and double-oxidized GO and the corresponding membranes. The 7 

effect of the oxidation level of GO nanosheets on the separation performance, water flux, and 8 

antifouling properties of the PES-supported laminar GO membranes was evaluated. Methylene 9 

blue (MB) was used as the model dye pollutant to evaluate the separation performance of the 10 

prepared membranes. MB is one of the most frequently used dyes in the textile industry and 11 

exists in wastewater. It is carcinogenic and has hazardous impacts on the environment and 12 

human life.  Therefore, many researchers choose MB as the model pollutant for investigating 13 

their water treatment method [47-49]. Furthermore, the size of MB molecule makes it a suitable 14 

dye pollutant sample for following the size exclusion rejection mechanism in NF and 15 

microfiltration membranes [50].   16 

In addition, independent DFT was applied to study the stability of the GO and double-oxidized 17 

GO nanosheets in monolayer and multilayer forms and to compare the stability of the 18 

corresponding membranes. 19 

 20 

2. Materials and Methods 21 

2.1. Materials 22 

Tris hydroxymethyl aminomethane, graphite powder, dopamine hydrochloride, and bovine 23 

serum albumin (BSA) were purchased by Merck Company. Sodium nitrate, potassium 24 
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permanganate, sulfuric acid (98%), hydrochloric acid (36%), hydrogen peroxide (30%), and 1 

methylene blue (MB) were obtained from Sigma Aldrich. Polyethersulfone (PES) support 2 

membrane with a pore size of 0.2 µm was supplied by Sterlitech Company. All chemicals were 3 

of analytical grade and used without further purification. 4 

 5 

2.2. GO and double-oxidized GO synthesis 6 

GO was prepared by the modified Hummers method using graphite powder as the starting 7 

material [21, 51]. For this aim, H2SO4 (25 ml, 98%) was added to graphite (1.0 g) and NaNO3 8 

(0.5 g) in an 800 ml flask while the temperature was kept at 0 ̊ C (in an ice bath). After stirring 9 

the mixture for 1 h using a magnetic stirrer, the KMnO4 powder (3 g) was slowly added to the 10 

flask, and the mixture was vigorously stirred below 10 °C for 1 h, then heated to 35 oC and 11 

stirred for 2 h. By adding 300 ml deionized (DI) water, the temperature was raised to 98 °C for 12 

15 min, and then the reaction was terminated by the addition of a 40 ml aqueous solution of 13 

H2O2 (30%). The obtained product was centrifuged and washed with HCl (5%) to remove SO4
2- 14 

ions and followed by repeatedly washing with DI water to reach pH 7. The obtained brown 15 

precipitate was dispersed in fresh DI water and centrifuged at 1000 rpm for 10 min to remove 16 

unreacted graphite. Finally, the product was dried under vacuum conditions at 40 °C for 24 h 17 

and stored at room temperature. The obtained GO sample was named "LGO" to indicate the 18 

GO sample with a low level of oxidation. 19 

For the preparation of the double-oxidized GO sample, the above-explained process was 20 

applied, except that the LGO sample was used instead of the graphite powder. The obtained 21 

double-oxidized GO powder was dispersed in water and sonicated for 2 h for further exfoliation 22 

of GO nanosheets. The suspension was centrifuged at 6000 rpm to remove the precipitated 23 

multilayer GO nanosheets and again at 9000 rpm to remove small broken nanosheets. This 24 
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gives a narrow range of GO nanosheets in terms of layer number and size. Finally, the product 1 

was dried under vacuum condition at 40 °C for 24 h, and stored at room temperature. The 2 

product was named "HGO" to indicate the GO sample with a high oxidation level. 3 

 4 

2.3. Preparation of GO-based membranes 5 

The pressure-assisted self-assembly method was used to prepare the laminar GO membranes. 6 

To find the best GO concentration to prepare membranes providing appropriate separation 7 

performance, the LGO and HGO concentration was changed between 0.005 to 0.100 mg/ml 8 

and the corresponding membranes were named accordingly, as shown in Table S1. The water 9 

flux and MB rejection of the prepared membranes are compared in Figure S1. As can be seen, 10 

employing the LGO/HGO concentration of 0.05 mg/ml resulted in considerably higher MB 11 

rejection and water flux in both series of membranes, and consequently was chosen as the 12 

optimal concentration to prepare LGO- and HGO-based membranes. To this end, 100 ml 13 

aqueous GO dispersion (0.05 mg/ml) was filtered onto a dopamine-treated PES support using 14 

a dead-end cell in transmembrane pressure of 2.5 bar. The membrane preparation method has 15 

been explained in detail in our previous work [21]. The prepared membranes for LGO and 16 

HGO suspensions were dried at room temperature for 24 h and named LGOM and HGOM, 17 

respectively. 18 

 19 

2.4. Physicochemical characterization of GO samples 20 

Fourier transformed infrared (FT-IR) spectroscopy was applied to compare the functional 21 

groups present in the LGO and HGO samples in the wavenumber range of 380–4000 cm-1,  22 

using a Bruker alpha spectrophotometer. The Equinox 3000 X-ray powder diffractometer 23 

(XRD) was used to study the crystalline structure and d-spacing of the synthesized samples. 24 
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The samples Zeta-potential were obtained using a Malvern Zetasizer Nano-ZS90 instrument. 1 

Raman spectra were acquired on a Teksan-Takram Raman Microscope with a 532 nm laser 2 

wavelength. Transmission electron microscopy (TEM, Hitachi H7650) was used to 3 

characterize the size of the GO flakes and their stacking state. 4 

 5 

2.5. Physiochemical and morphological characterization of the GO membranes 6 

The laminar structure of the GO nanosheets and surface morphology of the prepared GO 7 

membranes were studied by a Seron Technologies- AIS2100 Scanning Electron Microscope 8 

(SEM). Contact angle measurements were recorded by a Sony-SSC-DC318P video contact 9 

angle analyzer, using a sessile drop technique, and the Image j software was used to determine 10 

the angles. Six contact angle measurements were performed to enhance the reliability of the 11 

results, and the presented data are the average value. The stability of the prepared membranes 12 

in the aqueous solution was investigated using ultrasonic waves. To this end, the same sample 13 

size of the membranes was cut, placed in two separate Petri dishes, and placed in an ultrasonic 14 

bath (100 W,80 Hz). The digital photo of the membranes was then taken in regular time 15 

intervals to study the changes occurring on the surface of the membranes. A Nanosurf scanning 16 

probe microscope equipped with Q-port software (version 1.02) was used to evaluate the 17 

surface roughness of the membranes, and the root means square (RMS) of the membranes was 18 

measured. The tensile strength, Young's modulus, and elongation at the break of the prepared 19 

membranes were measured by a tensile testing apparatus (Santam, STM-50). The membrane 20 

was cut into rectangular specimens 20 mm long and 15 mm wide using a razor guided by a 21 

straight edge. The thickness of each sample was determined from the average of five 22 

measurements using a film thickness gauge. The loading speed was 10 mm.min−1. Each 23 

membrane sample was subjected to five times tensile tests and averaged [52]. 24 



11 

 

2.6. Evaluating the separation performance of GO membranes 1 

The separation performance of the membranes was studied using a dead-end filtration system 2 

with an effective membrane area of 9.06 cm2. Before the experiment, the membranes were 3 

soaked in pure water for 2 h, and nitrogen gas was applied to adjust the desired transmembrane 4 

pressure. The permeated water was weighted after stabilizing the flux at the transmembrane 5 

pressure ranging from 0.5-4.0 bar to measure the pure water flux of the membranes. Equation 6 

(1) was used to calculate the water flux (F) in L/(m2.h). In this equation, V, A, and Δt represent 7 

the permeate volume (L), the membrane area (m2), and the filtration time (h), respectively. 8 

𝐹 = 𝑉𝐴𝛥𝑡                                                                                                                      Equation (1) 9 

The rejection behavior of the prepared GO membranes was studied using an aqueous solution 10 

of MB (10 mg/L) under 2.5 bar transmembrane pressure. The variations in feed and permeate 11 

concentration were followed using the UV-Vis spectrophotometer, and the recorded absorption 12 

was converted to the concentration using the Beer-Lambert equation. Based on Equation (2), 13 

the MB rejection R (%) of the membranes was determined. Cp and Cf denote the permeate and 14 

feed concentration, respectively [21]. 15 

R (%) = (1 − CpCf ) × 100                                                                                        Equation (2) 16 

The antifouling behavior of the membranes was studied by measuring the water flux of the 17 

membranes before and after fouling by a model protein, and the flux recovery ratio (FRR) was 18 

determined. A water-based BSA solution (PH 7, adjusted by phosphate buffer) with a 19 

concentration of 500 mg/l was applied for the fouling experiments [53]. First, the pure water 20 

flux (Jw1) of the membrane (mounted in the dead-end cell) was determined at the 21 

transmembrane pressure of 2.5 bar for 90 min. The BSA permeation (Jp) of the membrane was 22 

then measured at the same pressure for 90 min. The membrane was flushed with DI water for 23 
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30 min, and the second pure water flux (Jw2) was determined. The total flux loss (Rt) level 1 

caused by fouling was estimated using Equation (3). 2 

𝑅𝑡 =  (1 − 𝐽𝑝𝐽𝑤1) × 100                                                                                        Equation (3) 3 

Equation (4) was used to estimate the membrane resistance against fouling in terms of the flux 4 

recovery ratio (FRR). Higher FRR indicates the more desirable antifouling behavior of the NF 5 

membrane.  6 

𝐹𝑅𝑅 = (𝐽𝑤2𝐽𝑤1)  × 100                                                                                              Equation (4) 7 

 8 

2.7. Computational Method 9 

To gain further insights into HGOM and LGOM structures, density functional theory[54, 55] 10 

calculations were carried out by using the Vienna ab initio simulation package (VASP)[56, 57] 11 

using plane-wave basis sets, where core electrons are described by pseudopotentials with 12 

projected-augmented wave (PAW)[58] method. The generalized gradient approximation 13 

(GGA)[59] in the Perdew-Burke-Ernzerhof (PBE)[60] formalism was used as the exchange 14 

and correlation functional for optimization. The method of Grimme and DFT-D3 were applied 15 

to provide a more accurate description of the weak interactions and improve the energy 16 

description of the system [61]. 17 

A Monkhorst-Pack[62] grid of 1×3×3 for the sampling Brillouin zone and plane-wave cutoff 18 

energy of 560 eV were used for structural optimization calculations. In addition, the total 19 

energy convergence threshold was set as 10-5 eV, and the geometry relaxation stopped when 20 

the force on each ion was less than 0.01 eV/Å.  21 

 22 
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3. Results and discussion 1 

3.1. Physicochemical characterization of the synthesized GO samples 2 

FT-IR spectroscopy was applied to characterize the functional groups present in the 3 

synthesized GOs and evaluated some insight into their oxidation level (Figure 1(a)). The 4 

oxygen-containing functional groups of hydroxyl, epoxide and carboxyl are the characteristic 5 

peak of GO samples, which appeared in the spectrum of both samples. The spectrum of the 6 

LGO sample appeared at 1033, 1425, 1625, 1732, and 3422 cm-1 corresponded to the alcoholic 7 

C-O stretching, etheric C-O stretching, C=C stretching, C=O stretching, and O-H stretching 8 

vibration, respectively [63]. The spectrum of the HGO sample showed the same bands, which 9 

suggests that they have the same oxygen-containing functional groups. Nonetheless, noticeable 10 

differences in the peak positions and intensities were observed in the spectra of LGO and the 11 

HGO, indicating the different oxidation levels of these samples. All bands corresponding to 12 

the above-mentioned functional groups appeared broader and stronger in the case of the HGO 13 

sample, confirming the higher oxidation of this sample. Mainly, there is a dramatic 14 

intensification in the case of the carboxyl groups, which shows that HGO nanosheets have been 15 

functionalized further at the edges. Furthermore, the band in the HGO sample was displaced 16 

toward lower wavenumbers, which is symptomatic of stronger hydrogen bonds [64]. 17 

The XRD pattern was used to investigate the possible changes in the interlayer d-spacing as a 18 

function of the oxidation degree of GO samples (Figure 1(b)). As known, the characteristic 19 

peak for graphite appears at 26.5 ̊, corresponding to 3.4 A ̊ d-spacing, according to Bragg's 20 

equation [42]. This peak was not observed for both prepared samples, while a new peak 21 

appeared in the range of 10 ̊-12 ̊ corresponding to the (001) reflection of GO, implying the 22 

successful conversion of graphite to GO [42]. The characteristic peak for the prepared samples 23 

appeared at 11.56° and 10.02°, corresponding to 7.7 and 8.8 A° d-spacing for LGO and HGO 24 
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samples, respectively. The obtained d-spacing for the HGO sample was about 1.1 A° larger 1 

than that observed for the LGO sample. The increase in the d-spacing was accredited to the 2 

higher oxidation degree of GO nanosheets in the HGO sample and the enhanced number 3 

density of functional groups in the plane and edges of nanosheets. The observed small change 4 

in d-spacing also suggests that more functionalization occurred on the edges of GO nanosheets, 5 

as confirmed by FT-IR results. 6 

 7 

     8 

Figure 1. (a): The FT-IR spectrum of LGO and HGO samples; (b):  XRD patterns of LGO and HGO 9 

samples. 10 

 11 

A higher level of the functional groups on the HGO sample was further confirmed by the results 12 

obtained from measuring surface charge through zeta potential analysis. The zeta potential for 13 

LGO and HGO samples was estimated to be about -22.7 and -26.2 mV, respectively. 14 

Accordingly, the HGO sample showed about 15 % higher negative surface charge due to its 15 

higher content of functional groups. 16 

The elemental analysis was used to compare the mass percentage of carbon and oxygen atoms 17 

in both samples to determine the oxidation degree by calculating the O/C ratio. This ratio was 18 
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0.528 and 0.615 for LGO and HGO samples, respectively, implying the higher oxidation degree 1 

of the HGO sample.  2 

The UV-vis spectra of the aqueous solution of LGO and HGO are compared in Figure 2(a). 3 

The absorption spectrum of the LGO sample showed an intense peak around 244 nm related to 4 

the π−π* transition of C=C bonds of the basal plane of the GO. This peak shifted to 227 nm for 5 

the HGO sample because of more disruption in the sp2-network in GO's basal plane and 6 

decreasing the conjugated system. For the HGO sample, a small shoulder appeared in the 275– 7 

350 nm region, corresponding to the n−π* transition of C=O functionality, which was 8 

consistent with its higher oxidized nature and carboxyl content [41, 65]. 9 

The presence of functional groups enables the GO nanosheets to be dispersed in the water 10 

perfectly. On the other hand, the stability of the GO solution is a critical parameter in the 11 

preparation of the laminar GO membranes because agglomeration of the nanosheets and their 12 

precipitation led to irregular laminar structure [66]. For studying the stability of the aqueous 13 

solution of the prepared GO samples, their UV-Vis absorption was measured versus the time, 14 

and the spectra were depicted in Figure 2(b). As expected, the HGO showed a more stable 15 

aqueous solution than LGO due to the higher content of oxygen-containing hydrophilic 16 

functional groups. The absorption intensity of the LGO solution decreased about 36% during 17 

the first hour, while it decreased approximately 4 % for the HGO solution. This indicated that 18 

the precipitation of LGO nanosheets occurs faster, and the LGO solution is less stable. After 19 

six hours, the absorption intensity of the LGO solution diminished by 65%, whereas for the 20 

HGO solution 24% decrease was observed. The higher stability of the HGO solution is the 21 

direct consequence of the higher hydrophilic functional groups, which prevent the aggregation 22 

of the GO nanosheets and their precipitation. 23 
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 1 

Figure 2. (a): UV-Vis absorption spectrum of LGO and HGO aqueous solution; (b): The UV-Vis 2 

absorption of the LGO and HGO aqueous solution versus time. 3 

 4 

Raman spectroscopy is a valuable technique to evaluate defects, layers number, and crystal size 5 

in graphene-based materials. The characteristic spectrum of GO consists of a typical G band, 6 

corresponding to the E2g in-phase vibration of the graphite lattice, representing the sp2 7 

hybridization of carbon atoms. The D band represents the disorder induced by defects due to 8 

the binding of oxygen-functional groups, and the second-order band is attributed to second- 9 

order phonon processes [64]. According to Figure 3(a), all three bands were observed in the 10 

LGO and HGO sample spectra, whereas the difference was in their intensity, position, and 11 

symmetry. The GO structure defects can be estimated by the intensity ratio of the D and G 12 

band (ID/IG). The calculated ratio for LGO and HGO samples were 0.71 and 0.89, respectively. 13 

This revealed that the defect resulting from higher oxygen bonding increased about 25 % for 14 

HGO compared to LGO. The intensity of the second-order band for the HGO sample is higher, 15 

which agree with the highly oxidized form of graphene [67]. Figure S2 exhibits the first-order 16 

and second-order Raman spectra of the LGO and HGO samples. The spectra were 17 

deconvoluted into five first-order and four second-order bands [45]. The obtained higher ID*/IG 18 

ratio for HGO (0.13) than LGO (0.11) confirmed the increase of sp3-carbons in HGO [45] and 19 
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considered another evidence for the higher extent of defects resulting from the higher level of 1 

oxygen-containing groups in this sample.  2 

 3 

 4 

Figure 3. Raman spectra of the prepared samples 5 

 6 

Figure 4-parts (a) and (b) shows the TEM images of LGO and HGO samples. The dark and 7 

overlapped image of LGO in Figure 4(a) implies a low level of exfoliation in this sample. In 8 

contrast, the TEM image of HGO in Figure 4(b) reveals the formation of homogeneous and 9 

desirable GO nanosheets possessing a transparent structure without any overlapping. The well- 10 

exfoliated uniform and wrinkled structure of HGO nanosheets can be another reason for the 11 

excellent stability of its aqueous solution, as discussed earlier. 12 
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 1 

Figure 4. TEM images of prepared samples; (a): LGO, (b): HGO 2 

The surface morphology of LGO and HGO was studied by AFM. The obtained images are 3 

shown in Figure 5-part (a) and (b). As can be seen, the HGO nanosheets exhibited a more 4 

regular surface structure than LGO, as confirmed by the TEM images. The regular and more 5 

ordered structure of HGO originated in the different preparation and purification steps applied 6 

for this sample. The height profile of LGO and HGO are shown in Figure 5 (a' and b'). The GO 7 

thickness was calculated from the height difference between the surface of GO and that of the 8 

substrate, and it was found to be about 4.0 and 0.7 nm for LGO and HGO, respectively. Results 9 

confirmed that the HGO sample comprised a single layer of GO due to the superior exfoliation 10 

of nanosheets, while LGO consisted of four to five layers, indicating the multilayer GO 11 

formation in this sample. 12 

 13 
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 1 

Figure 5. The AFM images of LGO (a) and HGO (b) nanosheets, (') represent the height profile of the 2 

nanosheets determined by the blue line 3 

 4 

3.2. Characterization of the laminar LGO and HGO membranes 5 

The SEM images of the LGOM and HGOM are shown in Figure 6. There is a noticeable 6 

difference in the surface morphology of the membranes. For LGOM (Figure 6(a)), the 7 

aggregation and precipitation of the low-charged and highly stacked GO nanosheets led to 8 

irregular and rough surface morphology. For this membrane, free gaps between the stacked 9 

nanosheets are observable due to the lack of appropriate deposition of nanosheets. In contrast, 10 

HGOM (Figure 6(a)) showed a uniform membrane surface morphology with small wrinkles 11 

[68]. Suitable overlapping of the single-layer HGO nanosheets resulted in smooth surface 12 

morphology of HGOM. Figure 6 (a' and b') shows the cross-sectional SEM images of the 13 

membranes, confirming the laminar structure of GO membranes. The observed difference in 14 

the membrane surface morphology was also reflected in the cross-sectional images. In LGOM, 15 

the LGO nanosheets were stacked together randomly, and voids and free spaces formed 16 

between layers due to the fast and irregular deposition of the nanosheets. The more ordered 17 

(b) (a) 

(b') (a') 
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laminar structure was formed in the HGOM due to the slower rate of HGO deposition 1 

possessing higher stability in the aqueous medium. The thickness of the deposited HGO layer 2 

in HGOM was estimated to be about 1.30 μm, which was higher than that observed for the 3 

LGO layer (0.95 μm) in LGOM. Since both membranes were prepared using the same 4 

conditions described in section (2.3), the higher thickness of the HGO layer in HGOM was 5 

attributed to the increased d-spacing of HGO, as confirmed by the XRD analysis of the LGOM 6 

and HGOM shown in Figure S3 (Supporting Information file). As can be seen, the GO 7 

membranes showed the same XRD pattern as their corresponding powder sample and the 8 

calculated d-spacing for LGOM and HGOM were 7.7 and 8.8 A°, respectively. However, the 9 

intensity of the peaks in the GO membranes was weaker due to their film structure.  10 

 11 

Figure 6. Longitudinal and cross-sectional (') SEM images of the prepared membranes; LGOM (a) and 12 

HGOM (b). 13 

 14 
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The effects of GO oxidization level on the membrane surface wettability were studied by water 1 

contact angle measurements. Figure 7(a) compares the contact angle of PES support, LGOM, 2 

and HGOM versus time. Chemical composition and surface morphology significantly affect 3 

the wettability level of a surface. For hydrophilic membranes, the surface hydrophilicity 4 

increases by increasing the surface roughness [22]. The initial contact angle for the bare PES 5 

support was 61º, which decreased rapidly over time due to the penetration of water molecules 6 

through its macropores. The initial contact angle for LGOM and HGOM were 51º and 43º, 7 

respectively. The presence of hydrophilic oxygen-containing functional groups and the rough 8 

surface morphology of the membrane led to a 10º decrease in the contact angle for LGOM 9 

compared to PES support. The rate of water droplet penetration through the LGOM was slower 10 

than the bare PES. However, the insufficient overlapping of the LGO nanosheets and the 11 

presence of free spaces between layers led to the disappearance of the water droplet in 6 s. For 12 

HGOM, despite its smoother surface morphology, the contact angle decreased further 13 

compared to LGOM and reached 43º. This was attributed to the appropriate overlapping of 14 

single-layer HGO nanosheets in HGOM and the complete uniform surface coverage, 15 

preventing the fast penetration of the water droplet.  16 
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 1 

Figure 7. ( a): Contact angle of PES support, LGOM, and HGOM versus the time; (b): Digital images of 2 

LGOM (1-3) and HGOM (4-6) before sonication (1,4), 5 s after sonication (2, 5), 20 min after sonication 3 

(3,6). 4 

 5 

To compare the strength of the prepared membranes, their stability in the aqueous medium was 6 

evaluated as a function of time under sonication. Figure 7(b) demonstrates the digital images 7 

of LGOM and HGOM during this test. As can be seen, the LGOM structure collapsed just after 8 

5 s sonication, while HGOM remained stable for about 20 min. The intermolecular forces 9 

between GO nanosheets in the laminar GO membranes are hydrogen bonding and van der 10 

Waals forces[69], stabilizing the GO membrane in the aqueous media while water molecules 11 
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move freely within the nanocapillaries. Therefore, the significant difference observed in the 1 

stability of LGOM and HGOM can be attributed to the higher oxidation level of HGO and the 2 

well-laminated structure of HGOM. In the HGOM sample, HGO nanosheets were properly 3 

interlocked in which no observable free spaces were formed between the HGO nanosheets, as 4 

confirmed by the SEM images (Figure 6). This was attributed to the higher stability of HGO 5 

solution during the membrane formation step due to its higher oxygen content. The HGO 6 

nanosheets seem to settle down orderly according to the applied pressure, promoting the 7 

formation of hydrogen bonding between HGO nanosheets to a greater extent. In contrast, the 8 

lower stability of the LGO solution led to the faster and more random precipitation of 9 

nanosheets in LGOM, forming a more disordered film structure. This was approved by the FT- 10 

IR results and DFT study of the prepared samples, as discussed in section 3.5. 11 

AFM technique was used to measure the surface roughness of membranes and study the 12 

distribution uniformity of the GO nanosheets on the membrane surface. The surface AFM 13 

images of LGOM and HGOM and their 3-dimensional (3D) images are presented in figures 8 14 

(a, b) and 8(a', b'), respectively. The typical hills and valley morphology was observed on the 15 

surface of LGOM and HGOM, according to the AFM images of 8(a') and 8(b'), respectively. 16 

The topographical 3D images of the membranes, presented in Figure 8(a′) and Figure 8(b′) 17 

were used to calculate the root means square (RMS) roughness of the membranes. For LGOM 18 

and HGOM, the RMS of 217 nm and 91 nm were achieved, respectively. As can be seen, the 19 

HGOM shows smoother surface morphology due to the more ordered arrangement of GO 20 

layers in this membrane. Results revealed that the double-oxidation of GO has significantly 21 

affected the surface roughness of the membranes due to the formation of single-layer GO 22 

nanosheets and their slower precipitation under the gravity force. This is important because it 23 

has been established that the membrane surface with high hydrophilicity and low roughness 24 
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provides better membrane fouling resistance. Therefore, results suggest that HGOM should 1 

have a better antifouling property than the LGOM. 2 

 3 

Figure 8. The AFM images of LGOM (a) and HGOM (b); topographic 3D images (a', b'). 4 

 5 

The mechanical properties of PES, LGOM, and HGOM membranes are shown in Figure 9. 6 

The ultimate tensile strength (MPa), Young's modulus (MPa), and elongation at break (%) for 7 

the membranes are calculated and summarized in Table 1. Ultimate tensile strength is the 8 

maximum stress a material can withstand before failing. Young's modulus, known as the elastic 9 

modulus, is a mechanical property that defines the relationship between stress (force per unit 10 

area) and strain (proportional deformation) in the material. The elongation at break is the total 11 

elongation just before fracture[52]. In addition, fracture toughness can be measured according 12 
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to the size of the area below the stress-strain curve; the greater the area, the higher energy must 1 

be applied to fracture the membrane [52]. According to the results, the three membranes 2 

demonstrate different mechanical properties. The LGOM and HGOM membranes generally 3 

showed higher rupture force than the PES membrane. The Young modulus for LGOM and 4 

HGOM was improved by 39% and 62% compared to the PES membrane. The ultimate tensile 5 

strength for LGOM and HGOM membranes was 5% and 24% higher than the bare PES 6 

membrane. Results showed that the energy required for the membrane fracture was increased 7 

by 131 %  and 161% for LGOM and HGOM membranes due to the presence of LGO and HGO 8 

nanosheets, respectively. This revealed that the mechanical properties of the membranes were 9 

improved compared to PES. In addition, the higher mechanical properties of HGOM compared 10 

to LGOM were attributed to the more ordered arrangement of GO nanosheets in this membrane.  11 

 12 

Figure 9. The stress versus strain curves for PES, LGOM, and HGOM membranes. 13 

 14 
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Table 1. The tensile characteristics of the PES, LGOM, and HGOM membranes 1 

Membrane Young's 

Modulus 

(MPa) 

Elongation at 

break (%) 

Ultimate 

Tensile  

Strength 

(MPa) 

Toughness 

(J/mm3) 

PES 39 ± 4 2.6 ± 0.5 12.8 ± 0.5 0.67 ± 0.05 

LGOM 54± 3 4.2 ± 0.4 13.5± 0.5 1.55 ± 0.06 

HGOM 63 ± 4 4.3 ± 0.5 15.9 ± 0.7 1.75 ± 0.05 

 2 

 3 

3.3. Separation performance of the laminar LGO and HGO membranes 4 

Figure 10(a) shows the rejection behavior of LGOM and HGOM toward MB as a function of 5 

time. The initial MB rejection for LGOM was 81.5 %, which diminished during the filtration 6 

time and reached 60.0 % after four hours. The rejection for HGOM was 99.9%, which remained 7 

constant during the filtration time. Decreasing separation efficiency by the time for LGOM 8 

shows that the adsorption process is involved in the filtration process of LGOM, while the 9 

steady rejection of HGOM relies on the size exclusion mechanism [70]. Figure 10(b) shows 10 

the pure water flux of the LGOM and HGOM as a function of applied pressure ranging from 11 

0.5-4.0 bar. In the defined pressure range, the water flux of 112-603 L/(m2.h) and 72-350 12 

L/(m2.h) were obtained for LGOM and HGOM, respectively. Generally, the pure water flux 13 

for LGOM was higher than that of HGOM. Considering the lower d-spacing of LGOM, its 14 

higher flux can result from detours produced by free spaces between stacked LGO nanosheets. 15 

On the other hand, these detours can negatively affect membrane rejection due to the increased 16 

uncontrollable pathways of various sizes.  17 
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 1 

Figure 10. The rejection of the LGOM and HGOM for MB dye with a concentration of 10 mg/L and 2.5 2 

bar applied pressure; the inset shows the digital images of the permeate overtime for HGOM (a), and the 3 

pure water flux of LGOM and HGOM at different applied pressure; the inset shows the digital images of 4 

the prepared membranes (b). 5 

 6 

The performance of HGOM was compared in terms of water permeability and dye rejection 7 

with those of the recently reported laminar GO membranes in Table 2. In the previously 8 

reported works, GO has been mainly modified by incorporating nanostructured materials or 9 

crosslinkers to achieve laminar GO membranes providing an appropriate separation 10 

performance. Although the separation performance of GO membranes reported in the present 11 

work has been optimized only by changing the oxidation level of GO nanosheets, their 12 

separation behavior is more favorable than many reported membranes. For HGOM, 13 

considering the trade-off of water flux and rejection for NF membranes, reaching 230 L/(m2.h) 14 

water flux with 99.9 % rejection (2.5 bar pressure) is excellent [69, 71-73]. The high water flux 15 

of HGOM was attributed to the increased interlayer spacing of HGO nanosheets due to the 16 

higher level of oxidation, confirmed by the XRD patterns shown in Figure 1(b). In addition, 17 

the well-exfoliation of HGO nanosheets and the higher stability of HGO aqueous solution were 18 

the other results of the double-oxidation of GO, which led to the more ordered laminar 19 

deposition of HGO nanosheets in HGOM and its more significant rejection. The separation 20 

performance of the membranes was also studied by adding Na2SO4 to the MB solution. The 21 
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obtained results are presented in Figure S4 in the Supporting Information file. The presence of 1 

Na2SO4 as the electrolyte led to a considerable decrease in the rejection of membranes, 2 

probably due to the swelling of GO nanosheets. The MB rejection decreased to 60 and 66 % 3 

after 210 min filtration for LGOM and HGOM, respectively. It is worth mentioning that the 4 

problem was solved by adding a biocompatible heterobifunctional crosslinker between the 5 

HGO nanosheets. The obtained results have been presented in our previously published work 6 

[21]. 7 

Table 2. Comparing the water Permeability and dye rejection of the recently reported GO-based 8 

membrane and HGOM prepared in this work. 9 

Membrane Rejection 

 

Water 

permeability 

*)).h.bar2m(L/( 

Reference 

TiO2/GO membrane 98 % for Chrome black T, 

Congo red, and Brilliant Blue 

R 

3.6 [71] 

Sm-MOF/GO nanocomposite 

membrane 

>91% for rhodamine B and 

MB 

26 [74] 

diamine cross-linked GO >99 % for MB 4 [75] 

 A covalent organic framework 

incorporated  GO membrane 

>93 % for MB 167 [73] 

HGOM >99.9 % for MB 92 Present 

work 

* The water permeability was expressed instead of water flux in terms of "L/(m2.h.bar)" to 10 

consider the applied pressure of each test report. 11 

 12 

Membrane fouling is the major problem in the filtration processes due to lowering membrane 13 

performance, increasing operational costs, and shortening membrane life [76]. The antifouling 14 

properties of membranes were calculated by measuring the initial pure water flux (Jw1), the 15 
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BSA permeate flux (JP), and the second pure water flux (JW2) of LGOM and HGOM in 2.5 bar 1 

pressure ( Figure 11). The high initial water flux (Jw1) of LGOM (432 L/(m2.h)) decreased 2 

rapidly for BSA solution, and its permeate flux (Jp) decreased to 31 L/(m2.h) after 90 min BSA 3 

solution filtration. The rapid decrease in the water flux was assigned to the BSA concentration 4 

polarization/osmotic pressure; the membrane rejects BSA. The BSA concentration near the 5 

membrane increases rapidly, leading to a certain osmotic pressure, while no osmotic pressure 6 

is on the permeate side. This results in an osmotic pressure difference over the membrane. The 7 

second pure water flux (JW2) measured for the membrane was 84 L/(m2.h), which is lower than 8 

its initial water flux and illustrates that fouling has a high share in the water flux decline. The 9 

initial water flux (Jw1) for HGOM (230 L/(m2.h)) diminished to 41 L/(m2.h)for BSA solution 10 

(Jp), whereas its second pure water flux (JW2) appeared to be about 181 L/(m2.h). Comparing 11 

the obtained fluxes, the HGOM showed a higher second pure flux (JW2) despite its lower initial 12 

water flux (JW1), which confirms a higher share of osmotic pressure in the water flux decline 13 

and better antifouling performance of HGOM. 14 

To further evaluate the influences of the double-oxidation of GO on the fouling properties of 15 

membranes, the flux recovery ratio (FRR), was calculated, which showed a significant 16 

difference in the antifouling properties of the membranes. The fouling property of the 17 

membranes is closely related to their surface morphology and hydrophilicity. It has been 18 

established that lower roughness and surface energy lead to a more substantial membrane 19 

antifouling property [77]. In LGOM with higher surface roughness and lower hydrophilicity, 20 

the pollutant can be trapped in the valleys of the membrane surface, resulting in a higher 21 

clogging of the membrane. In addition, the smoother surface morphology improves the 22 

effectiveness of the membrane cleaning by flushing. HGOM exhibited a significantly higher 23 

(more than four times) FRR value (78.3%) than LGOM (18.5%), implying a higher flux 24 

recovery capacity and antifouling ability of this membrane. 25 
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), BSA , a'W1Fouling behavior of LGOM and HGOM; comparing initial pure water flux (J. 1Figure 1 2 

, a'")W2and the second pure water flux (J), a", Ppermeate flux (J 3 

 4 

3.4. DFT studies of HGO and LGO samples 5 

The graphene primitive cell was used for creating a single layer of graphene. The experimental 6 

analysis revealed that the GO samples possess carboxyl groups at their edges. For this reason, 7 

GO nanoribbons were constructed to mimic the experimental observations. Therefore, GO 8 

nanoribbons with armchair edge based on the Lerf-Klinowski were created [78]. The model 9 

suggests that the layer of GO terminates with oxygen-containing functional groups of hydroxyl 10 

and carboxyl. This is consistent with the experimental results obtained in this work and other 11 

studies [79]. Using the finite widths of armchair graphene nanoribbons (AGNR) also helped 12 

open the zero band gap of graphene in agreement with the literature [79, 80].     13 

In the computational model, a unit cell of 17.43Å×15.77Å Pristine GO, HGO, and LGO 14 

nanoribbons monolayer along the yz-axis with a vacuum space of almost 30 Å along x 15 

(direction perpendicular to the sheet) was prepared to avoid interactions between periodic 16 
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images. The unit cell is replicated into an infinite layer by Periodic boundary conditions, shown 1 

in Figure 12. The pristine 4-AGNR with hydrogen-terminated edges [81] and 8 honeycombs, 2 

including 32 carbon and 16 hydrogen atoms, was created at first, shown in Figure 12(a). Then 3 

GO nanoribbons were modeled in a 4-AGONR structure with two sides decorated by hydroxyl 4 

and carboxyl functional groups randomly at the edges and on the pristine 4-AGNR sheet. It 5 

was tried to form hydrogen bonds between functional groups by the chainlike structure of 6 

hydroxyl and carboxyl groups on both sides of the GO nanoribbons to stabilize the structures. 7 

In addition, it was tried to add epoxy groups to the chainlike structure of the functional groups 8 

of GO nanoribbons, where it was found that they tend to break apart the GO nanoribbons sheets. 9 

This creation of defects in GO layers by conversion of epoxy to carbonyl groups was seen in 10 

other studies [79, 82, 83]. Therefore, the epoxy groups were not considered in the model. The 11 

FT-IR spectroscopy of the samples confirmed a dramatic intensification in the peak of the 12 

carboxyl groups of HGO nanosheets compared to that of LGO. This implies that the GO 13 

nanosheets have been functionalized further at the edges. Therefore, adding epoxy groups 14 

could not change the stability of layers to a great extent, as the main reason for the stability of 15 

layers is more related to the carboxyl groups and their role in making hydrogen bonds.  16 

To model the HGO and LGO nanosheets, two GO nanoribbons with low and high degrees of 17 

oxidation were created. The LGO with the low degree of oxidation includes 4 carboxyl and 11 18 

hydroxyl groups per unit cell, resulting in the O/C ratio of 0.528. The HGO with the higher 19 

degree of oxidation, including seven carboxyl and ten hydroxyl groups, has the O/C ratio of 20 

0.615. The results are consistent with FT-IR data, where a broader and more intensive band of 21 

carboxyl groups is seen in HGO than in LGO. The choice of the O/C ratio was based on the 22 

oxidation degrees of GOs synthesized in the experimental section of the study. The two GO 23 

nanoribbons sheets models are shown in Figure 12-pats (b and c). 24 
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It is worth mentioning that the neutral (unionized) condition was considered for the DFT study 1 

in this work. Even without considering the dissociation of carboxyl groups, including a higher 2 

number of carboxyl groups on the HGO nanosheets led to their higher stability. Results suggest 3 

that the strong hydrogen bonds compensate for the electrostatic repulsion between carboxylic 4 

groups. The obtained DFT results were in good agreement with the experimental results, in 5 

which HGO possessing the higher surface charge, number of carboxyl groups, and hydrogen 6 

bonds appeared to be more stable. This was in good agreement with the study carried out by 7 

Zhang et al. [84], where they examined the effect of the inclusion of the ionized carboxyl 8 

groups in their GO systems, and a limited binding events due to the electrostatic interactions 9 

was observed. 10 
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 1 

Figure 12- Supercells view from top and side ('); (a) pristine graphene nanoribbon, (b) LGO nanoribbon, 2 

(c) HGO nanoribbon. Carbon atoms are shown in brown, oxygen atoms in red and hydrogen atoms in 3 

white spheres. 4 

 5 

To be able to compare the two HGO and LGO nanoribbons energetically and characterize their 6 

stability, the formation energy Ef of GO nanoribbons per oxygen was calculated using equation 7 

(5) [79, 85, 86]; 8 

Ef =  Etot(GO)−Etot(G)−nCμC−0.5 nOμO2−0.5 nHμH2nO                                                       Equation (5) 9 

(a) (a') 

(c) (c') 

(b) (b') 
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where Etot(GO) and Etot(G) are the total energies of GO and pristine graphene nanoribbons of 1 

the same size. The nC, nO and nH are the numbers of carbon, oxygen, and hydrogen atoms 2 

added to the pristine graphene nanoribbons structures respectively to make the GO 3 

nanoribbons. The μC, μO2 and μH2 are the chemical potentials of the carbon atom, oxygen, and 4 

hydrogen molecules which were calculated by the equations (6-8) to take into account the 5 

experimental enthalpic and entropic corrections to formation energy [86]: 6 

μC = EC + ∆HC − T∆SC                                                                                           Equation (6) 7 

μO2 = EO2 + ∆HO2 − T∆SO2                                                                                    Equation (7) 8 

μH2 = EH2 + ∆HH2 − T∆SH2                                                                                    Equation (8) 9 

where EC , EO2 and EH2  are the total energies of the carbon atom, oxygen, and hydrogen 10 

molecules calculated with DFT at the temperature of 0 K; ∆HC, ∆SC, ∆HO2, ∆SO2, ∆HH2and 11 ∆SH2are the enthalpy and entropy variations of carbon, O2 and H2 at room temperature of 12 

298.15 K and pressure of 1 atm, respectively [87, 88]. The data used for calculating the 13 

chemical potentials of the carbon atom, oxygen, and hydrogen molecules and formation 14 

energies (Ef) per oxygen of HGO and LGO nanoribbons, using equations (5-8), are shown in 15 

tables S2 and S3 (Supporting Information file).  16 

Using equation(5), the formation energy of HGO, Ef(HGO) = − 5.108 eV, is more than the 17 

formation energy of LGO,  Eb(LGO) = −4.658 eV, indicating that the GO formation energies 18 

decrease with the number of oxygen-containing functional groups resulting in more stable GOs, 19 

which is in line with the results of the current study and other studies [89]. The calculated 20 

formation energies are the released energies when GO nanoribbons are formed from the 21 

reagents, which are taken into account in most studies on the analysis of the stability of GO 22 

structures. 23 



35 

 

3.5. DFT studies of the laminar LGO and HGO membranes 1 

The DFT calculations were utilized to understand the origin of the variation in the stability and 2 

separation performance of the membrane caused by the different oxidation degrees. The GO 3 

membranes were constructed by stacking two parallel GO sheets approximately parallel to each 4 

other and chainlike five H2O molecules inside the channel between GO nanosheets to 5 

investigate the effect of H2O molecules on the stability of the GO nanosheets by making 6 

hydrogen bonding between the two GO layers, as shown in Figure 13. Five H2O molecules 7 

were added inside the channel between GO nanosheets since these numbers of H2O molecules 8 

appeared to be enough for making hydrogen bonding between the available functional groups 9 

of two GO layers. Moreover, the binding energy (Eb) of the H2O molecule to the GO layers 10 

was calculated per H2O molecule according to Equation (9), and the Eb was normalized with 11 

respect to the number of H2O molecules. The GOMs and five H2O molecules were placed in 12 

the center of the box. Three-dimensional periodic boundary conditions were applied. The size 13 

of simulation boxes was 17.43Å×15.77Å along the yz-axis and 17.34Å and 16.34Å along the 14 

x-axis for HGOM and LGOM, respectively. They were adjusted according to experimental 15 

interlayer distances of 8.8 and 7.7 Å in the HGO and LGO layers, respectively. The data used 16 

for calculations of the binding energies of the structures composed of HGOM and LGOM are 17 

shown in Table S3. 18 

 19 
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 1 

Figure 13. GOMs structures composed of two layers of GO nanoribbons with a chainlike layer of five 2 

H2O molecules inside the channel between two GO layers in, (a) LGOM and (b) HGOM. Carbon atoms 3 

are shown in brown, oxygen atoms in red and hydrogen atoms in white spheres. Dashed lines indicate the 4 

H-bonds, where their lengths are shown in Å. 5 

 6 

In order to characterize the stability of HGOM and LGOM, the binding energy per H2O 7 

molecule, Eb of the structures composed of two GO nanosheets plus five H2O molecules were 8 

calculated according to Equation (9): 9 

Eb =  EGOM−5H2O−EGOM−5EH2O5                                                                               Equation (9) 10 

(a) 

(b) 
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where EGOM−5H2O  is the DFT energy of the relaxed GOM structure, including five H2O 1 

molecules adsorbed on two GO sheets and EGOM and EH2O are the energies of GOM structure 2 

composed of two relaxed GO layers and isolated H2O molecules, respectively. The calculated 3 Eb = −0.988 eV  for HGOM compared to Eb = −0.928 eV   for LGOM confirms that the 4 

binding energy for H2O on GOM increases with increasing the number of oxygen atoms on the 5 

layers. The results show that H2O molecules help to stabilize the GOMs structure by forming 6 

hydrogen bonding between H2O molecules and functional groups on the GO layers. As Figure 7 

13 shows, due to more carboxyl groups at the edges of the HGOM, more hydrogen bonding 8 

are formed which results in a higher binding energy and a more stable structure. The average 9 

lengths of hydrogen bonding on both structures (Figure 13(a) and (b)) lie in the range of the 10 

length of moderate hydrogen bond definition by Jeffrey [79, 90] between 1.5-2.0 Å with the 11 

bonding energy of 0.17-0.65 eV, confirming that formation of a larger number of H-bonds in 12 

HGOM results in higher binding energy and more stable structure. 13 

 14 

4- Conclusion 15 

The low stability and rejection are two crucial challenges of the laminar GO membrane used 16 

in aqueous NF processes. The present work aimed to tune the properties of GO nanosheets to 17 

improve the performance of the corresponding membranes in terms of membrane stability, 18 

separation performance, and antifouling properties. To this end, two types of low oxidized and 19 

high oxidized GO were prepared by the single- and double-oxidation process using the 20 

Hummers method. In highly oxidized GO, the good exfoliation of GO nanosheets and increased 21 

functional groups led to forming single-layer nanosheets with a higher hydrogen bonding 22 

between GO nanosheets, which led to a more ordered structure with better stability. This 23 

membrane also provided significantly high water flux due to the increased d-spacing and 24 
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nanocapillay size. The presence of stacked GO and the formation of free spaces between them 1 

led to detours in the low oxidized GO membrane, leading to poor rejection. Double-oxidized 2 

GO membrane provided an excellent rejection of 99.9% for MB, which was stable by the time, 3 

and higher (about 40 %) than that achieved for the single-oxidized GO. The antifouling 4 

property of the double-oxidized GO membrane was improved four times due to its higher 5 

hydrophilicity and smoother surface morphology. According to experimental results, the highly 6 

oxidized GO membrane showed a more stable structure. This was approved by the DFT studies 7 

of the synthesized GO and their corresponding membranes. Results revealed that the formation 8 

energy of HGO was higher than LGO, indicating that the GO formation energies decreased 9 

with the number of oxygen-containing functional groups resulting in more stable GOs. In 10 

addition, more carboxyl groups at the edges of the double-oxidized GO led to more hydrogen 11 

bonding, higher binding energy, and a more durable membrane structure. 12 
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