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A B S T R A C T   

Graphene has recently drawn exponential attention due to its surprising physicochemical prop-
erties and diversified field of applications. Although graphene oxides (GOs), itself is an exclusive 
material, it is also an intermediate product for the production of reduced graphene oxides (rGOs), 
graphene and their derivatives, which are other more superficial materials. In this study, GOs 
with higher oxygen to carbon ratios were synthesized following the Tour method, where the 
excess feed acid liquor (FAL) of mixed concentrated sulfuric and orthophosphoric acids at a ratio 
of 90:10 was recovered from the reaction slurries by applying the centrifugation technique. About 
80–90 % of the FAL was recycled and reused as feed for the subsequent batches. The changes in 
the properties of FAL for the five consecutive recycling and reuse were studied. The properties of 
recycled FALs were investigated by measuring density, moisture content, pH, and ion concen-
tration. The consecutive recycling of FALs tends to increase the moisture content about 0.5% in 
each recycles. Ion-chromatography (IC) was used to measure the variation in SO4

2− and PO4
3− ions 

in the FALs. The H2SO4 reacts with KMnO4 and crystalized out from the recovered FAL faster than 
the phosphoric acid. So, sulfuric acid content in the makeover FALs must be greater than primary 
FAL. The product GOs were characterized using FT-IR, FT-Raman, UVVis, STA, SEM, XPS, Zeta- 
potential, and particle size analyzers. The variation of the properties of GOs with the changes in 
the reaction parameters such as temperature and time were investigated and correlated with the 
product yield. It was observed that the effect of temperature on the reaction rate was found to be 
negatively and positive with the reaction time. The oxygen-to-carbon atomic ratio from XPS 
analysis was found 66.7%, which supported the increase in product yields 66.9% in the experi-
mental results. The effect of acid concentration, reaction temperature, and time on the GOs 
properties were satisfactory, correlated, and easily controllable with the reaction conditions. A 
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higher extent of oxidation and enhanced product yields 65–70% were observed at 60–70 ◦C and 
14–18 h. A mixture of nano- and macro-molecular GOs was obtained, and their compositions 
were easily controllable and separable by controlling the reaction conditions. A correlation was 
made among the properties of synthesized GOs, FAL, and recycled FAL and reaction conditions.   

1. Introduction 

The term “graphene” was first introduced by A. Geim and K. Novoselov, and they were awarded the Nobel Prize in 2010 for their 
revolutionary contribution to discovering one carbon atom-thick two-dimensional materials that exhibit high crystal quality. They first 
obtained single-layer and few-layer transferable graphene nanosheets by mechanical exfoliation from graphite samples [1,2]. 
Chemically, graphene was observed as a two-dimensional nanomaterial, and it contains single and multi-layers of carbon atoms ar-
ranged as a honeycomb lattice that is held together by σ bonds, where most of the carbon atoms preserve sp2 hybridization [3,4]. 
Generally, 2D graphene sheets are rolled into 3D graphite structure. Thus, graphene sheets need to be separated from the graphite 
structure. Synthesizing graphene oxides (GOs) are one of the effective ways to separate graphene from graphite lattices. Typical 
process of graphene separation is done by oxidizing the graphene sheets to introduce oxygen into its lattice structure followed by 
reduction of the GO either thermally or chemically. Moreover, GOs are an excellent starting material for the synthesis of various 
derivatives of graphene such as Fluorographene, graphol, graphene acid, etc. [5–7]. 

GOs have wide variety of applications owing to its tunable properties and relatively easy modification techniques than other 
conventional materials. Generally, graphite has been used as a very efficient material for energy storage devices such as batteries, 
capacitors, etc. [8]. Recently, reduced GOs (rGOs) are extensively used as replacement of graphite owing to their enhanced charge 
storage properties and large surface area compared to graphite [9,10]. GOs are also suitable for making transparent conductive films 
[11], strong conducting papers [12], and ultra-light elastic aerogels [13,14]. Numerous fascinating applications based on the elec-
tronic, optical, thermal, mechanical, and chemical nature of graphene and GOs have been adopted as solid electrolyte or proton 
conductors, electronics devices ferromagnetism, electrodes or electron mediators for enzyme biosensors, biomedical applications, 
surface coating technology, composites, dye-sensitized solar cells [15], paper-like materials, filters for water and purification [16], and 
as an ingredient of hybrid photo-catalysts in water splitting, nano-filtration membrane [17–20]. Recently, GOs have been used to avoid 
friction in mechanical devices due to its self-lubricating properties [21]. 

To eliminate difficulties in the synthesis of graphene in bulk, various chemical methods were introduced. The procedure involves 
the chemical oxidation of graphite to form graphene oxides (GOs) and is followed by a reduction process [22]. The Hummers’ method, 
which is extensively employed for the chemical conversion of graphite to graphene oxide (GOs), entails an initial oxidation step 
utilizing KMnO4, NaNO3, and H2SO4 at a significantly reduced temperature to mitigate the risk of explosion. Subsequently, over a 
period of several hours, the resulting mixture is subjected to high temperatures. The Hummer’s method was modified further to 
improve the synthesis of GOs by replacing NaNO3 with K2FeO4. The modified Hummer’s method provides comparatively 
better-desired properties in GOs than the Hummer’s methods [23,24]. The properties of the synthesized GOs were found to be the same 
as those of the preferred method. In addition, the evolution of toxic gases is minimized in this process hence, it is termed as a facile 
synthesis approach [25,26]. Notable progress has been made in enhancing Hummer’s technique for synthesizing GOs, with a focus on 
cost-effectiveness and efficiency. The improvement of the method is to eliminate NaNO3 and replace KMnO4 with K2FeO4. The method 
also reduced the use of concentrated sulfuric acid without affecting the yields, properties, or applications of GOs [27]. Synthesizing 
GOs in polar solvent enhances the conductivity of the GO sheets [28]. 

This method was further improved by James M. Tour, and is termed the Tour’s method. This process excludes the use of NaNO3 
with the increase in the amount of KMnO4 in the presence of mixed acid (MA), H2SO4/H3PO4 with a ratio of 9:1. The presence of 
orthophosphoric acid improves the efficiency of the oxidation process. This method yields more hydrophilic GOs compared to other 
methods. Moreover, this method does not generate toxic gas, and the temperature is moderately higher than room temperature, 
making it easy to control [29]. A higher amount of oxygen-containing GOs can be obtained by this method than by other chemical 
methods [30]. The roles of SO4

2− ions in GO synthesis were investigated, and it was found that the formation of the epoxy bridge 
between the nearby carbon atoms increases with ion concentration [31]. The Tour method underwent further enhancements with the 
incorporation of a pre-treatment procedure applied to the graphite raw materials prior to the oxidation stage. This modification led to 
notable enhancements in the properties of the synthesized GOs [32]. An effective condition for the preparation of few-layered GOs and 
rGOs was thoroughly investigated, and the properties of the prepared products were evaluated. The degree of oxidation was controlled 
by varying reaction times and temperatures, and the interlayer distances of few-layer graphene were found to increase with increasing 
time and temperature [33]. In another study, GOs were alternatively synthesized from graphite using low concentration of ozone at 
high temperature which produced GOs with enhanced properties [34]. Moreover, the material is highly stable at slightly elevated 
temperatures. The exposure of GO materials and composites to very high temperatures initiate a degradation process that results in a 
change in color shade [35,36]. 

However, notable limitations are associated with the various chemical techniques employed in the synthesis of GOs. These include 
high costs, time-consuming reactions, difficulties in controlling process parameters, the risk of explosions, environmental pollution, 
the generation of numerous byproducts, the inclusion of contaminants requiring further purification, and imprecise control of the 
degree of oxidation and particle size [37,38]. To reduce these difficulties, an effective method of electrochemical exfoliation of 
graphite was established [39]. This method reports a scalable, safe, and environmentally friendly approach with a high yield [39,40]. 
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The reactions of graphite to GOs are based on electrolytic oxidation conditions in water. In the electrochemical oxidation method, the 
graphite lattice is fully oxidized within a few seconds making it a very fast process [40]. The GOs obtained by this method have similar 
properties as those of the other methods. The synthesis method is continuous and easily controllable. Another approach to reduce the 
difficulties of the production of GOs from graphite was using KFeO4 instead of KMnO4 with concentrated H2SO4. This method not only 
minimizes environmental pollution but also reduces reaction times from several hours/days to only 1 h. The produced GOs powders 
are highly water-soluble, from which GOs liquid crystals can be formed, and thus macroscopic graphene fibers, films, and aerogels can 
be produced. This method produces 100% of single-layered GOs and their macroscopic materials without applying any ultrasonic 
treatment. Thus, the large-scale commercial production of graphene becomes ultra-low-cost [41,42]. GOs are also synthesized by 
applying ultrasonication to reduce cost and impurities [43,44]. GOs can be reduced using a number of reducing chemicals, such as 
ascorbic acid and hydrazine [45]. 

Economical and environmentally friendly synthesis methods of GOs are essential for industrial applications. Several studies have 
focused on developing economical and green synthesis techniques for GOs and rGOs. Green synthesis involves the use of natural and 
biochemicals such as plant extracts and biomass for the reduction and stabilization of rGOs [46,47]. Although these methods are 
environmentally friendly, they are impractical in industrial setting. Synthesis of GOs in the Hummer’s, modified Hummer’s, and Tour 
method is highly effective and applicable in industrial environment. Among these methods, Tour method of synthesizing GOs is 
industrially favorable, energy efficient, and ecofriendly [48,49]. Moreover, oxygen to carbon ratio of GOs are much higher in Tour’s 
method than any other synthesis techniques. However, recycling and reusing the reagents for successive synthesis of GOs can increase 
its sustainability and add more value as an ecofriendly technique. To this date, very few studies have been reported on the successive 
use of chemical reagents for producing GOs with high oxygen to carbon ratio. 

In this research, GOs have been synthesized by the oxidation of graphite using the Tour’s method. The unreacted feed acid liquors 
(FAL) have been recycled and reused for five consecutive cycles. The recycled FAL and synthesized GOs have been characterized using 
state-of-the-art instruments. A correlation has been established between the properties of recycled FAL and synthesized GOs. 

2. Methods 

2.1. Materials 

The chemicals used for the experiment were collected from the following sources: Extra pure graphite fine powder of purity 98% 
with particle size 60 mesh was collected from Loba Chemie Pvt. Ltd., Mumbai, India; reagent grade potassium permanganate with 
purity 99.8%; AR grade sulfuric acid with purity 97%; reagent grade hydrochloric acid with purity − 37%; and AR grade hydrogen 
peroxide with purity 35% were from Merck KGaA, Darmstadt, Germany; and AR grade orthophosphoric acid with purity 85% from 
Active Fine Chemicals Ltd., Dhaka, Bangladesh. 

2.2. Karl-Fischer moisture analyzer 

Water content in raw concentrated sulfuric acid, phosphoric acid, fresh MA, and recovered acid liquors after every reaction was 
measured by using a Karl-Fischer moisture analyzer (Metrohm, USA). For each measurement, 0.20 mL of sample was put to a moisture- 
free Karl-Fischer reagent. The acquired data were expressed as percentages [50]. 

2.3. Measurement of anions content 

Ion chromatography (Thermo Scientific, Germany) was utilized for the measurement of SO4
2− and PO4

3− ion concentrations in 
concentrated sulfuric acid, phosphoric acid, fresh MA, and recovered acid liquors after each reaction. After adjusting the concentration 
to the calibration range, 0.10 mL of the acids were diluted to 100 mL with distilled DI water and investigated for SO4

2− and PO4
3− ion 

concentrations. The results obtained with this machine are based on ppm units [51]. 

2.4. Atomic absorption spectroscopy 

The K+ and Mn2+ ion concentrations in H2SO4, H3PO4, new MA, and recovered acid liquors were measured using atomic absorption 
spectroscopy (Shimadzu, Japan). After adjusting the concentration to the calibration range, 0.10 mL of the acids were diluted to 100 
mL with distilled DI water and tested for K+ and Mn2+ ion concentrations. 

2.5. FT-IR spectroscopic analysis 

The structural characterization of the G and prepared GO was carried out by attenuated total reflectance-fourier transform-infrared 
spectroscopy (FTIR-ATR, USA). The FT-IR spectra were captured using an ATR module with a diamond crystal. Acetone was used to 
polish the diamond crystal, and a background scan was taken before every measurement. The spectra were recorded in the 650–4000 
cm− 1 range at 4 cm− 1 spectral resolution with 12 scans per spectrum. 
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2.6. UVvisible spectroscopic analysis 

The absorbance of UVvisible light and the determination of the maximum absorbance (λ max) were carried out through the uti-
lization of a PerkinElmer Lambda 35 instrument (USA) in the process of ultravioletvisible spectroscopy (UVVis). The powder samples 
were dissolved in distilled and deionized (DI) water at a concentration of approximately 1.5 mg/mL. Subsequently, the aforementioned 
solutions were transferred into sample cuvettes in order to conduct absorbance measurements. 

2.7. DLS measurement 

Particle size and zeta-potential value of the samples were measured in a particle size analyzer (Malvern, UK). Powder samples were 
scattered in distilled and DI water in a 0.5% ratio and placed in sample cells to measure their particle size and zeta potential. 

2.8. Image analysis 

Scanning Electron Microscopy-Energy Dispersive X-Ray (SEM-EDX) analyzer was used for imaging purposes (JEOL, Japan). A very 
small sample, about 1 mg, was placed in the sample holder and placed in the vacuum dryer at 55 ◦C for 12 h, and then it was placed 
inside the instrument for capturing the images. 

2.9. XPS analysis 

The X-ray photoelectron spectrum was measured using XPS spectroscopy (Bruker, USA). Powder samples were dissolved in iso-
propyl alcohol and derided on the copper plate to form a film. Then the sample was placed under ultrahigh vacuum in a nitrogen 
environment to remove atmospheric oxygen. Then the sample was analyzed to measure the binding energy of the elements. 

2.10. Measurements of thermal properties 

The thermal properties of graphene (G) and graphene oxides (GOs) were determined using a simultaneous thermal analyzer (Brand: 
Netzsch GmbH, Model: STA 449 F3 Jupiter). Approximately 3.0 mg of the samples were loaded into an alumina crucible and then 
positioned in the furnace. The samples were subjected to heating at a rate of 10 ◦C per minute, and the resulting thermogram and mass 
loss were recorded simultaneously. 

Fig. 1. Synthesis of GOs and reuse of feed acid liquor.  
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2.11. Synthesis of graphene oxides 

Graphene oxides (GOs) were synthesized using a sequential methodology. A flat-bottom flask with a capacity of 1000 mL was 
initially filled with a concentrated MA solution, which was termed as feed acid liquor (FAL), approximately 1000 mL in volume. The 
FAL was prepared by combining concentrated H2SO4 and ortho H3PO4 in a ratio of 90:10. In order to establish a regulated envi-
ronment, the flask was subjected to a cooling process, resulting in a temperature lower than 50 ◦C. Following that, a quantity of 10.0 g 
of G powder was added to the flask under constant stirring at a rate of 500 rpm. This stirring was done to prevent the formation of 
lumps and to ensure thorough and uniform mixing. The flask was immersed in a water bath in order to facilitate heat dissipation and 
control the temperature of the reaction vessel at the desired level. Following that, a total of 60.0 g of KMnO4 was slowly added to the 
mixture with constant stirring. Subsequent to obtain the condition the temperature of the reaction media was gradually raised by 
10 ◦C/h until 95 ◦C. The processes of heating and stirring were then stopped. After being cooled to room temperature, the unreacted 
acid solution was separated from the solid reaction mass by a centrifugation process at a speed of 6000 rpm for 20 min. The reaction 
mass was allowed to oxidize in air for overnight. To obtain the diluted mass a 400 g of distilled deionized water ice was added to the 
cake. Then a solution containing 15–30 mL of H2O2 with a concentration of 36% was gradually added to the mixture while maintaining 
a constant stirring. Under completion of oxidation process the GOs underwent a purifying step the procedure entailed filtration uti-
lizing Whatman filter paper number-1, followed by multiple rinses with distilled deionized water and further filtration. The filtrates 
that were obtained were subjected to concentration in order to recover the potassium and manganese salts, which are by-products 
resulting from the oxidation reaction. The produced GOs filter cakes containing potassium and manganese salts also underwent a 
purification process. They were washed with a 10% HCl solution while being stirred and heated to a temperature below 50 ◦C for a 
duration of 2 h. Subsequently, the filter cakes were washed with distilled deionized water followed by centrifugation for 8–10 times, 
which resulted in a solution with a pH of approximately 7.0. 

3. Results 

3.1. Synthesis of GOs 

The flow diagram for the synthesis of GOs has been presented in Fig. 1. A modified Hummer’s method modified by Tour were 
followed with some modification [52]. The purpose of this modification was to mitigate the creation of lumps, prevent abrupt rise in 
temperature which can lead to an explosion, maximize utilization of the oxidizing agents, and to employ the FAL recycling techniques. 
Tour’s modification technique was applied to produce GOs with higher oxygen to carbon ratios with minimum drawbacks. 

The reaction continued until the color of the mixture changed from a dark violet in Fig. 2 (a) to a chocolate brown color in Fig. 2 (b). 
This change of the mixture color indicates the complete consumption of KMnO4. The reaction temperature was gradually raised to 
facilitate the maximum use of the oxidizing agents. Solids and FALs were separated from the slurry using filter-press and centrifugation 
for further synthesis cycles. Solid reaction mass oxidized under air and moisture forming a pinkish-violet color as depicted in Fig. 2 (c). 
To minimize the heat generated during the dilution process with distilled deionized water ice minimized the heat of dilution. The 
careful incorporation of H2O2 was conducted in order to mitigate the occurrence of excessive foam generation resulting from the 
release of gases. H2O2 was stopped adding upon the attainment of a persistent, brilliant orange-yellow color in Fig. 2 (d). From Fig. 2, 
the GOs were successfully oxidized and the extent of the oxidation were indicated by the change in color intensity of the mixture. 

The slurry derived from the manufacturing process of GOs contains different metal salt impurities which underwent a purifying 
step. The purpose of the purification is to convert the metal salts in to soluble chloride salts. These salts were easily removed by 
filtration. The produced GOs were freeze dried to obtain fine pure GOs powder. 

During the synthesis process, particularly for Run-1, the initial temperature and the temperature primarily maintained ranged 
between 55 and 60 ◦C. Over the course of 16 h, the temperature gradually increased, reaching 95 ◦C within 4 h, as shown in Fig. 3. The 

Fig. 2. Images of color changes at different stages of graphite to graphene oxide conversion. a) starting of the reaction (dark violet), b) end of the 
reaction (chocolate brown), c) centrifuged cake (pinkish brown), d) addition of hydrogen peroxide (golden orange). (For interpretation of the 
references to color in this figure legend, the reader is referred to the Web version of this article.) 
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reaction was terminated after a total of 20 h. Similarly, for subsequent reactions, denoted as Run-2, Run-3, Run-4, and Run-5, the initial 
temperature and most main temperature conditions were set at 60–65, 70–75, 80–85, and 90–95 ◦C, respectively. The reaction du-
rations were reduced progressively to 14, 12, 10, and 8 h for these runs, respectively. 

The synthesis was carried out until the oxidizing agent was fully consumed. At 55 ◦C, the oxidizing agent underwent a reaction for a 
period of 20 h, resulting in the production of 17.05 g of GOs from an initial quantity of 10.0 g of graphite, as shown in Table 1 and 
Fig. 3. In a comparable manner, when subjected to 60, 70, 80, and 90 ◦C, the reactions exhibited reaction times of 18, 14, 12, and 10 h, 
respectively. Consequently, these reactions resulted in the production of 16.91 g, 16.69 g, 15.54 g, and 14.39 g of GOs, respectively. 

The yield of GO production is substantially influenced by the reaction temperature and time. The oxygen content in GOs is shown to 
be higher when longer processes are conducted at lower temperatures, as opposed to shorter processes at higher temperatures, while 
maintaining the same quantity of reactants. As a consequence, there is a notable enhancement in the yields of the product inside the 
sediment volume, as seen from Fig. 4. As a result, decreased temperature and increased reaction time have been observed to increase 
the overall production yields. The most favorable reaction conditions were determined to occur within a temperature range of 
65–70 ◦C with reaction duration of 14–15 h. 

3.2. Regression analysis for GOs synthesis process 

A regression study was undertaken to establish the correlation among reaction time, temperature, and the product yield of GOs in g. 
The analysis yielded a regression model that exhibited a high level of fit, as shown by an adjusted R2 value of 1.00. The regression 
model exhibits a high level of significance (p = 0.00) at a significance level of 0 percent. 

3.3. Regression model 

Regression model obtained from the analysis is shown in equation (1) 

Product (in g)= 37.281 − 0.204 × Temperature + 0.450 × Time (1) 

The regression model follows the linear straight-line equation, Y = mX + C. According to the model, temperature has a negative 
impact on product yield. With every 1 ◦C increase in temperature, the product yield decreases by 0.204 g. In contrast, reaction time has 
a positive effect on the production of GOs, contributing to a 0.45-g increase for each additional hour of reaction time, as shown in Eq 1. 

The reaction involved in the oxidation process are- 

3.4. Recycling of feed acid liquor 

The chemical pathway involved in the synthesis of GOs increased the ratio of oxygen to carbon (Fig. 5). In the context of the 
oxidation reaction as a whole, it is evident that the stoichiometry indicates a 1:1 M ratio between KMnO4 and H2SO4. Hence, a total of 
60.0 g of potassium permanganate (KMnO4) with a purity level of 99.8% is required to react with 39.09 g of H2SO4, which has a 
concentration of 95%. Alternatively, this can be expressed as 21.11 mL of the H2SO4. Nevertheless, the initial acid recovery rate 
remained at 86.2% during the initial run but a progressive decline in subsequent reaction cycles were observed. The observed acid 
consumption exceeded the anticipated theoretical value and the quantity of concentrated acids recovered exhibited a decline in 
successive recovery and reuse cycles. The observed phenomenon can be attributed to the absorption of acids by the solid cakes 

Fig. 3. Temperature profile of the experiments of Run-1, Run-2, Run-3, Run-4, and Run-5 for the synthesis of GOs with respect to time.  

Table 1 
Properties of synthesized graphene oxides (GOs), reaction temperature, reaction time, moisture content, particle size and zeta potential value.  

Experiments Reaction temperature (◦C) Reaction time (h) Prepared GOs (g) Moisture content (%) Particle Size (nm) Zeta potential (mV) 

Run-1 55 20 17.05 6.07 851 − 19.7 
Run-2 60 18 16.91 7.39 892 − 24.1 
Run-3 70 14 16.69 7.9 1013 − 26.2 
Run-4 80 12 15.54 8.48 1063 − 29.5 
Run-5 90 10 14.39 9.95 1661 − 19  
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obtained by centrifugation of the reaction slurry. The quantity of solid cakes exhibited a gradual increase in conjunction with sub-
sequent reactions. The cakes contained GOs as well as K, Mn, and SO4

2− or PO4
3− salts that precipitated from the reaction slurry as a 

result of saturation. As a result, there was a progressive increase in both the quantity of acid consumed and the volume of dilute acid 
obtained from the washing process as the number of recovery and reuse cycles increased (Fig. 6). 

3.5. Moisture analysis of recycled FAL 

The moisture content of the recovered MA was determined using the initial moisture content of the fresh MAs using a Karl Fischer 
moisture analyzer. The moisture content initially was found to be 3.77% in fresh feed acid liquor, and in recovered feed acid liquor, it 
gradually increased with the increasing number of recoveries and reuses. After the first recovery, it increased to 6.07% and gradually 
increased with the increasing number of successive recoveries and reuses, reaching 9.95% at the fifth recovery (Fig. 7). The con-
centration of salts in recovered FALs is also influenced by the level of moisture present in the recovered acids. The salt recovery was 
58.44 g in the first recovery and gradually increased to 112.57 g in the fifth recovery. As a result, the reaction medium becomes slightly 
diluted but increases in density with each successive recovery and reuse (Fig. 7). 

3.6. pH and density of recycled FAL 

The pH of the recovered MA after dilution with water to 1:1000 also decreases, which supports the dilution of acid. However, the 
density of the recovered acid increases with the number of recovery cycles, as shown in Fig. 7. This is due to the increase in water 

Fig. 4. Images of the sediment volume of GOs products from different reaction runs a) Run-1, volume-242 mL, b) Run-2, volume-228 mL, c) Run-3, 
volume- 202 mL, d) Run-4, volume-187 mL, and e) Run-5, volume-126 mL. 

Fig. 5. Reaction mechanism for the oxidation of graphite to graphene oxide using potassium permanganate in strong acid mixture.  

Fig. 6. Amount of consumed and recovered acid (A) MA consumed (mL), (B) recovered MA (mL), (C) recovered dilute acid (mL) and (D) recovered 
salt (g). 
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content in recovered acids, which significantly affects the solubility of salts produced in the reaction medium. Overall, the amount of 
recovered concentrated MA decreases with the number of runs, and the amount of recovered salts gradually increases. The absorbed 
acids were also collected by washing the solid cakes with a small amount of distilled water. Thus, the amount of dilute acid solutions 
also increased with the increasing amount of solid cakes and salts in different reaction runs (Fig. 7). 

3.7. Atomic absorption spectroscopic analysis of FAL 

The atomic absorption spectroscopic analysis of FAL and recycled FAL has been utilized for the measurement of K+ and Mn2+ in 
FAL and recycled FAL [53] and is presented in Fig. 8. The amounts of K+ and Mn2+ were measured with a dilution of 1:1000. Initially 
the K+ ion was about 1 ppm for FAL which increased to 11.67 ppm after the first recovery, and slowly increased for successive recovery 
and reuse. In the case of the Mn2+ ion, it was 0.1 ppm for FAL and 0.53 ppm after the first recovery and increased with successive 
recovery and reuses [54]. After reaching around 2 ppm, it becomes saturated and does not further increase substantially. 

3.8. Ion chromatographic analysis of FAL analysis of recycled FAL 

The SO4
2− and PO4

3− ion concentrations of the FAL and recycled FAL were measured using ion chromatography after dilution to 
1:1000 and are presented in Fig. 9. FAL contains 834 ppm SO4

2− and is diluted after successive recovery and reuse. But in the case of 
phosphoric acid, the FAL contains 110 ppm, and after the first recovery, it was increased to 144 ppm and increased with recovery and 
reuse cycles because most of the KMnO4 reacts with sulfuric acid to produce atomic oxygen and K2SO4 and MnSO4 salts and water. 
Formation of PO4

3− salts are prevented because of the lower affinity of K and Mn for PO4
3− ions. 

3.9. Synthesis of graphene oxides (GOs) with higher oxygen to carbon ratio 

The synthesis of G to GOs was carried out with the varying temperature and time. At high temperatures, the reactions are completed 
in shorter timeframes. While at lower temperatures, reactions take more time to complete using the same amount of feed materials 
shown in Fig. 3. KMnO4 dissociates very fast to generate atomic oxygen at high temperature so KMnO4 is consumed rapidly, leading 
faster oxidation of the G materials. On the other hand, lower temperatures show a higher degree of oxidation of G to GOs. This process 
splits the G layers, which results in a reduction in particle size. The product yield is heavily dependent on the reaction temperature and 
time as observed from the sediment volume of the product under water presented in Fig. 4. The optimum reaction condition should be 
between 60 and 70 ◦C as seen from Fig. 10 depicting the relationship between product yield, reaction time, and temperature. The 

Fig. 7. Recovered acid properties (A) moisture (%), (B) pH of 0.1% water solutions, and (C) density (g/cc).  

Fig. 8. K+ and Mn2+ ion concentration in recovered acids after dilution to 0.1% in water.  
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amount of GO has been directly related to reaction temperature and time. It could be observed that the amount of synthesized GOs. 
Lower temperatures and longer reaction times yield higher amounts of GO products with smaller particle sizes, while the reverse 

conditions yield lesser amounts of GO products with larger particle sizes. The optimum conditions for the synthesis of GOs were found 
to be 65–70 ◦C and 14–15 h (Fig. 10). The particle size of the synthesized GOs was measured using both a particle size analyzer and 
SEM analysis. Particle sizes of synthesized GOs completely depended on the reaction conditions. The manipulation of reaction pa-
rameters, such as reducing the reaction temperature, increasing the reaction time, and decreasing the moisture content (leading to an 
increase in the pH of the reaction media), affects the size of GOs particles substantially. Specifically, lower reaction temperatures, 
longer reaction times, and lower moisture content tends to produce smaller GO particle sizes, as evidenced by the data presented in 
Table 1. Conversely, altering these conditions in the opposite direction result in larger GO particle sizes. The particle size of the 
generated GOs exhibits significant variation based on factors such as the extent of the temperature of oxidation reaction, duration, and 
pH, which greatly affect the yield of GOs, particle size, and degree of oxidation, i.e., the oxygen to carbon ratio [55]. 

The zeta-potential values of the GOs were determined by employing a particle size and zeta-potential analyzer. This study revealed 

Fig. 9. Amount of recovered salt and product of GOs in the synthesis process.  

Fig. 10. Reaction times and temperature relationship and the amount of Graphene Oxide products at various times and temperature.  

Fig. 11. Dependence of particle size of produced GOs on moisture content of the feed acids liquor.  
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that the measured values are dependent on the influence of reaction conditions, specifically temperature and duration of the reaction. 
The zeta-potential values of the produced GOs increased as lower temperatures and longer reaction periods are employed (Fig. 11). 
Lower values of zeta potential are obtained with higher temperature and shorter reaction period. Nevertheless, once the temperature 
exceeds 80 ◦C, the Zeta-potential value experiences a significant decline as a result of charge deactivation induced by partial reduction 
(Fig. 12). The zeta potential is influenced by the pH of the reaction fluid and temperature. 

4. Characterization of GOs with higher oxygen to carbon ratio 

4.1. FTIR-ATR spectroscopic analysis of synthesized GOs 

The FTIR-ATR spectra of the purified and freeze-dried GOs samples reveal several significant absorption peaks, as depicted in 
Fig. 13. A broad absorption peak is observed around 3175–3230 cm− 1, indicating the formation of versatile hydroxyl groups (-OH) 
during the oxidation of graphite. This peak is absent in the spectrum of graphite in Fig. 13 (a). Additionally, there is a sharp absorption 
peak at around 1704–1720 cm− 1, which is attributed to the formation of groups carboxyl (–CO–), and another sharp peak at around 
1591–1620 cm− 1, corresponding to the stretching and bending vibration modes of groups (-OH). Two shorter absorption peaks are 
observed around 1354–1394 cm− 1 and 1237–1262 cm− 1, indicating the formation of etheric oxygen (C–O–C) bond stretching modes. 
Finally, there is a sharp and intense absorption peak at around 1048–1057 cm− 1, which corresponds to the vibrational mode of the C–O 
bond. These FT-IR absorption peaks provide confirmation of the formation of the oxidized form of the synthesized GO products 
[55–57]. 

4.2. UV-visible spectroscopic analysis 

Fig. 14 depicts the UVvisible spectra of the raw graphite and prepared graphene oxide. The spectrum corresponding to the graphite 
shows no absorption peaks, as expected. All spectra of graphene oxide exhibit an absorption peak at around 242–253 nm, along with 
other minor peaks. The absorption peak is centered at λmax = 243 for Run-1, which resembles the π → π* transition of C––C of the 
graphene layer [57]. Similar peaks are observed for samples from Run-2 to Run-5 at wavelengths closer to the λmax of Run-1. In 
addition to the broad peak, a shoulder is observed for all the graphene oxide samples. This shoulder is related to the π → π* transition 
involving the C–O and >C––O groups present on the graphene sheet. Run-1 displays the presence of absorption peaks in the range of 
600–800 nm [58]. These peaks are related to the presence of impurities present on the surface of the graphene oxide layer. Another 
interesting observation is the presence of minor peaks located in the 300–400 nm range for samples Run-3 and Run-4. The intensity of 
the π → π* transition depends on two types of conjugative effects: one is related to the nanometer-scale sp2 clusters, and the other is 
related to the number of chromophore units such as C–O, C––O, and C––C bonds [59]. The samples with the increased number of 
chromophore units show π → π* peaks with higher intensity. The chromophore units progressively increase from sample Run-1 to 
Run-4. Run-5 is an exception where the intensity of the absorption maxima is reduced significantly compared to all other graphene 
oxide samples. Absorption spectra of the GOs also addresses the size distribution in dispersed medium. According to quantum 
confinement principle, the small particle sizes in microscopic scale tends to show absorption edges around lower wavelengths or higher 
energy and GOs with larger particle sizes show absorption edges around higher wavelength or lower energy [60,61]. GOs in case of 
run-1 consists of low particle sizes and sizes progressively increase in cases of run-2 to run-5. Although, the peaks at 240–250 nm are 
almost unshifted in runs 1–4 run-5 shows the highest λmax which is indicative of its higher particle sizes. Moreover, the peak shift is 
very small because particles exceed the required size to effectively showcase quantum confinement effect [62]. 

Fig. 12. Dependence of Zeta potential of synthesized GOs on temperature of the feed acids liquor.  
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4.3. FT- Raman spectrum analysis 

Fig. 15 depicts the Raman spectra of the graphite and the prepared GOs samples. Raman spectroscopy is widely used to gain insight 
into the structural information of carbon-based materials [63–66]. The presence of C––C bonds and conjugation leads to high Raman 
intensities. The spectrum of graphite shows no Raman bands, as expected. In the case of GOs, very noisy spectra are observed. 
However, the most prominent bands can be distinguished from these spectra at around ~1355 cm− 1 and ~1575 cm− 1, corresponding 
to the disorder band caused by graphitic edges, also denoted as the D band, and the phase vibration of the graphite lattice, denoted as 
the G band, respectively [67]. The intensity of the G and D bands is highly dependent on the structure of the graphene oxide. As the 
disorder in the graphene lattice takes place, the D band’s relative intensity increases compared to the G band. Moreover, the G band 
becomes broader with increased disorder in the structure of the graphene oxide. Run-1 shows a relatively higher intensity of both the G 
and D bands, indicating the presence of disorder in the structure of graphene oxide [68]. The G and D band were absent in the reacrion 
R-0 for pure graphite. Furthermore, GOs formation leaves topological defects and vacancies. Interestingly, the bands do not show any 
type of blue or red shift progressing from Run-2 to Run-5, which suggests the absence of amorphous graphene [69]. 

Fig. 13. FT-IR spectroscopic analysis of different graphene oxide products- (a) graphene oxide represents Run-1, (b) graphene oxide represents Run- 
2, (c) graphene oxide represents Run-3, (d) graphene oxide represents Run-4, (e) graphene oxide represents R-5, and (f) raw graphite represents 
Run-0. 

Fig. 14. UV Visible spectroscopic analysis of different graphene oxide products (a) Run-0, raw graphite, GOs of (b) Run-1 (λmax value 243 nm), (c) 
Run-2 (λmax value 240 nm), (d) Run-3 (λmax value 242 nm), (e) Run-4 (λmax value 240 nm) and (f) Run-5 (λmax value 250 nm). 

Fig. 15. FT-Raman spectroscopic analysis of different graphene oxide products- (a) Run-0, raw graphite, (b) graphene oxide of Run-1, (c) graphene 
oxide of Run-2, (d) graphene oxide of Run-3, (e) graphene oxide of Run-4, and (f) graphene oxide of Run-5. 
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4.4. SEM analysis 

Fig. 16 shows the FESEM micrographs of GOs showcasing the surface morphology at different magnifications. FE-SEM micrographs 
indicates that different forms and sizes of GOs have been formed. GOs showed a layered structure and layer thickness were found to be 
at 200–260 nm, as seen from Fig. 16 (C). GOs generally have well-defined and interlinked three-dimensional graphene sheets, forming 
a porous network that resembles a loose sponge-like structure [70]. The wrinkled and layered flakes seen on the surface implies that 
the graphene layers were fully oxidized to GOs [71]. 

4.5. XPS analysis of synthesized GOs 

XPS is a readily accessible and efficient quantitative technique employed for the determination of the oxidation state of surface of 
the materials. The XPS analysis conducted on the produced GO provides insights on the degree of oxidation in relation to the presence 
of organic functional groups incorporated into the structure of GOs [29,72]. The synthesized GOs from Run-3 and Run-5 underwent 
XPS analysis and are presented in Figs. 17–20. 

The XPS survey scan analysis of the synthesized GOs from Run-3 has been presented in Figs. 17 and 18. In the survey scan analysis 
presented in Fig. 17, it was observed that the produced GOs samples contain two distinct peaks corresponding to carbon and oxygen 
atoms. Substantial peaks were observed in the survey scan of the XPS analysis. The observed peak, with a center at around 287.08 eV, 
can be attributed to the C1s peak, indicating the presence of carbon atoms. At the same time, the primary peak observed at around 
533.08 eV was assigned to the O1s peak, suggesting the presence of oxygen atoms (Fig. 17. Based on the area percentage calculation, 
the GO contains 57.75% carbon atoms and 38.55% oxygen atoms, resulting in an oxygen-to-carbon atomic ratio of 66.7%. Carbon peak 
exhibited five distinct sub-peaks in the deconvoluted spectra in Fig. 18 (A), which includes both sp3 and sp2 carbon types, C–C/C––C 
bonds in GOs, observed at 284.18 eV. These bonds accounted for approximately 15.838% of the material. The peak observed at 284.99 
eV in the C1s spectrum was assigned to the sp3/σ-bond of carbon-oxygen (C–O) in C–OH bonds, representing approximately 18.718% 
of the overall composition. The peak observed at 286.78 eV in the C1s spectrum can be attributed to the presence of sp3/σ-bonds 
between carbon and oxygen atoms in the C–O–C epoxide and C––O functional groups. This peak accounts for roughly 39.771% of the 
total spectral intensity. This observation of a C1s peak at 288.78 eV suggests the existence of sp2/π-bonds associated with the C––O 
moiety in the COOH compound, accounting for approximately 17.645% of the analyzed specimen. Another C satellite peak was found 
at 290.98 eV, which was about 8.025% of the total composition. The analysis of the oxygen peak demonstrated the existence of three 
distinct sub-peaks Fig. 18 (B). The peak observed at 532.88 eV in the O1s spectrum was identified as originating from the sp3/σ-bonds 
of carbon-oxygen (C–O) in various chemical groups, namely C–O–C epoxide, C–OH, and –C(O)OH carboxylic groups. These particular 
groups collectively accounted for around 61.723% of the overall composition. The peak observed at 534.68 eV in the O1s spectrum 
corresponds to the presence of sp2/π-bonds in the C––O functional group, which accounts for approximately 15.096% of the total signal 
intensity. The presence of sp2/π-bonds of C––O in –C(O)OH carboxylic groups, which accounted for approximately 23.18% of the 
sample, was confirmed by the O1s signal observed at 536.08 eV [73,74]. 

Fig. 16. Scanning electron microscopic image of R-3 GOs.  
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The XPS survey scan analysis of the synthesized GOs from Run-5 has been presented in Figs. 19 and 20, respectively. In the survey 
scan analysis presented in Fig. 19, the GOs contain two distinct peaks corresponding to carbon and oxygen atoms. The peak at 
approximately 287.08 eV represents the C1s peak for carbon atoms, while the peak at around 533.08 eV represents the O1s peak for 
oxygen atoms. Based on the area percentage calculation, the GO contains 63.88% carbon atoms and 32.69% oxygen atoms, resulting in 
an oxygen-to-carbon atomic ratio of 51.17%. Following the process of deconvolution, a total of five sub-peaks were obtained from the 
carbon peak shown in Fig. 20 (A). The peak observed at 283.88 eV in the C1s spectrum corresponds to the presence of C–C bonds in 
graphitic carbon. These bonds may be found in both aromatic and aliphatic carbons, indicating a mixture of sp3 and sp2 hybridization. 
The C–C bonds account for approximately 4.36% of the overall composition. The peak at 284.78 eV in the C1s spectrum corresponds to 
the sp3/σ-bonds of carbon-oxygen (C–O) inside the C–OH functional groups, constituting approximately 40.40% of the total spectrum. 
Similarly, the peak at 286.88 eV in the C1s spectrum corresponds to the sp3/σ-bonds of carbon-oxygen (C–O) in C–O–C epoxides and 
carbon-oxygen double bonds (C––O). This peak accounts for roughly 37.658% of the total spectral intensity. The C1s spectrum consists 
of peaks at 288.78 eV indicating the presence of sp2/π-bonds of carbon-oxygen (C––O) in the carboxylic acid (-COOH) functional group 
representing approximately 12.019% of the overall composition. Furthermore, there exists an additional peak in the C satellite 
spectrum at 290.58 eV, which contributes to about 5.56% of the whole spectrum. Three sub-peaks were obtained from the decon-
voluted spectra of O1s corresponding to oxygen peaks in Fig. 20 (B). O1s spectrum exhibits peak at 532.68 eV which is attributed to the 
sp3/σ-bonds of carbon-oxygen (C–O) present in C–O–C epoxides, C–OH groups, and –C(O)OH carboxylic groups. These functional 
groups collectively make up around 76.05% of the overall composition [75,76]. At 534.68 eV in the O1s spectrum, the peak corre-
sponds to the sp2/π-bonds of the carbon-oxygen (C––O) functional group, constituting approximately 11.97% of the total spectrum. 
The peak at 531.08 eV in the O1s spectrum corresponds to the sp2/π-bonds of carbon-oxygen (C––O) in carboxylic groups (-C(O)OH). 

Fig. 17. XPS survey scan binding energy of Run-3 of GOs.  

Fig. 18. XPS survey scan analysis of deconvoluted bonding energy of binding energy of (A) C-1s scan peak deconvolution of Run-3 GOs and (B) O-1s 
scan peak deconvolution of Run-3 GOs. 
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This peak accounts for approximately 11.98% of the whole spectrum. 

4.6. Thermal properties of GO 

From Fig. 21, the GO is stable up to 75 ◦C. The loss of mass initiates beyond the temperature, and continues up to around 193 ◦C. At 
this temperature, the total mass loss is about 18%, with an observed endothermic peak in the DSC curve. This loss of mass is attributed 
to the water molecules trapped inside the nanolayer of GO [77]. At 193.4 ◦C, about 73% loss of mass of the total mass with an 
exothermic peak has been observed suggesting the thermal decomposition of oxygenated functional groups and the breakdown of 
carbon ring framework structures [76]. After that, up to 425 ◦C, there is no loss of mass and no change in energy is observed. Over 
425 ◦C and up to 500 ◦C, a third mass loss of about 8% is observed, with an exothermic peak again. This mass loss indicates the burning 
of the carbon skeletons [78]. 

5. Correlation between the properties of synthesized GOs 

Correlation analysis was performed to evaluate the relationship between the properties of the generated GOs. The results of these 
analyses are displayed in Table 2. Particle size of GOs exhibits a significant and positive correlation with salt recovery (0.933), dilute 
acid recovery (0.944), recovered acid density (0.827), moisture content (0.906), PO4

3− (0.977), and potassium (0.868). Nevertheless, 
there is a significant negative association observed between acid recovery (− 0.944) and SO4

2− (− 0.916). There is a significant negative 
association between acid recovery and salt recovery (− 0.992), dilute acid recovery (− 1.0), recovered acid density (− 0.953), moisture 

Fig. 19. XPS survey scan binding energy of Run-5 GOs.  

Fig. 20. XPS survey scan analysis of deconvoluted bonding energy of binding energy of Run-5 GOs. (A) C1s Scan peak deconvolution of Run-5 GOs 
and (B) O1s Scan peak deconvolution of Run-5 GOs. 
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content (− 0.984), PO4
3− (− 0.991), and potassium (− 0.974). The association between acid recovery and SO4

2− is quite positive, with a 
coefficient of 0.990. The recovery of salt exhibits a strong positive correlation with the recovery of dilute acid (0.992), the density of 
recovered acid (0.922), the percentage of moisture (0.994), the presence of PO4

3− (0.986), and the presence of potassium (0.983). 
However, it shows a negative correlation with the presence of SO4

2− (− 0.969). The recovery of dilute acid is highly and positively 
connected with the density of the recovered acid (0.953), the moisture content (0.984), the PO4

3− levels (0.991), and the potassium 
levels (0.974). However, it is adversely correlated with the SO4

2− levels (− 0.990). The recovered acid density exhibits a significant 
positive correlation with moisture content (0.935), PO4

3− (0.913), and potassium (0.929), while showing a negative correlation with 
SO4

2− (− 0.982). The moisture content has a high positive correlation with PO4
3− (0.973) and potassium (0.976), but a negative cor-

relation with SO4
2− (− 0.970). The correlation between SO4

2− and PO4
3− is highly negative (− 0.973), as is the correlation between SO4

2−

and potassium (− 0.953). The correlation between PO4
3− and potassium is highly positive and robust, with a coefficient of 0.946. 

Nevertheless, there is a weak correlation between manganese and all other features of the generated GOs. 

6. Conclusions 

This method has effectively produced graphene oxides (GOs) with increased oxygen-to-carbon ratios, reaching a maximum of 
70.5%. The effect of reaction temperature and duration on the extent of oxidation was considered significant. The best oxidation 
reaction condition were achieved in respect to product yield and quality were 60–70 ◦C and 14–18 h. 65–70% GOs was produced at the 
mentioned condition. In contrast, elevated temperatures and decreased reaction time led to reduce oxidation and decreased product 
yield. The unreacted feed acid liquor (FAL) was successfully recycled and reused five consecutive cycles. In each recycled experiments, 
80–90% of FAL was recycled and reused successfully. The properties of recycled FALs were investigated by measuring density, 
moisture content, pH, and ion concentration. The consecutive recycling of FALs tends to increase the moisture content about 0.5% in 
each recycles. Ion-chromatography (IC) was used to measure the variation in SO4

2− and PO4
3− ions in the FALs. The H2SO4 reacts with 

KMnO4 and crystalized out from the recovered FAL faster than the phosphoric acid. So, sulfuric acid content in the makeover FALs 
must be greater than primary FAL However, the recovered acid slurry underwent slow dilution of 0.5% in each recycle due to water 
production in oxidation reaction. The alteration in concentration of the acid slurry has an impact on the size of the GO particles. The 
particle size of GOs were increased from 900 to 1660 nm due to the increased in moisture in the FAL. During the reaction process, SO4

2−

exhibits a higher degree of participation with K+ and Mn2+ ions compared to PO4
3− ions. The zeta potential of GOs exhibits an upward 

trend when the reaction temperature is increased up to 80–85 ◦C. The study examined how the characteristics of GOs change in 
response to variations in reaction parameters including temperature and time, and how these changes are related to the product yield. 
The impact of temperature on the reaction rate was determined to have both negative (− 0.204 g/◦C) and positive (+0.450 g/h) effects 
on the reaction time. The XPS examination revealed an oxygen-to-carbon atomic ratio of 66.7%, which correlated with the 66.9% rise 
in product yields observed in the experimental data. The G and D band at ~1355 cm− 1 and ~1575 cm− 1 in Raman spectra confirms the 
conversion of graphite to GOs. SEM images of GOs showed layered structure of 200–260 nm thickness. TGA showed the stability of GOs 
up to 75 ◦C. 75% of GOs was decomposed at 193 ◦C. 
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Fig. 21. Simultaneous thermal analysis (STA) of graphene oxide products of R3.  
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Table-2 
Correlation among the different reaction conditions for different reaction Runs and properties of different produced GOs.   

Particle size Zeta 
potential 

Acid recovery Salt recovery Dilute acid 
recovery 

Recovered acid 
density 

Moisture % SO4
2– PO4

3– Potassium Manganese 

Particle Size 1 0.372 
(0.538) 

0.944a 

(0.016) 
0.933a 

(0.021) 
0.944a (0.016) 0.827 (0.084) 0.906a 

(0.034) 
0.916a 

(0.029) 
0.977b 

(0.004) 
0.868 (0.057) 0.266 (0.665) 

Zeta potential 0.372 
(0.538) 

1 − 0.046 
(0.942) 

0.031 (0.960) 0.046 (0.942) − 0.173 (0.781) − 0.034 
(0.956) 

0.011 (0.986) 0.169 (0.786) − 0.112 
(0.858) 

− 0.559 
(0.327) 

Acid recovery 0.944a 

(0.016) 
− 0.046 
(0.942) 

1 − 0.992b 

(0.001) 
− 1.000b 

(0.000) 
− 0.953a (0.012) − 0.984b 

(0.002) 
0.990b 

(0.001) 
− 0.991b 

(0.001) 
− 0.974b 

(0.005) 
− 0.478 
(0.415) 

Salt recovery 0.933a 

(0.021) 
0.031 
(0.960) 

− 0.992b 

(0.001) 
1 0.992b (0.001) 0.922a (0.026)< 0.994b 

(0.001) 
− 0.969b 

(0.007) 
0.986b 

(0.002) 
0.983b 

(0.003) 
0.565 (0.321) 

Dilute acid 
recovery 

0.944a 

(0.016) 
0.046 
(0.942) 

− 1.000b 

(0.000) 
0.992b 

(0.001) 
1 0.953a (0.012) 0.984b 

(0.002) 
− 0.990b 

(0.001) 
0.991b 

(0.001) 
0.974b 

(0.005) 
0.478 (0.415) 

Recovered acid 
density 

0.827 
(0.084) 

− 0.173 
(0.781) 

− 0.953a 

(0.012) 
0.922a 

(0.026) 
0.953a (0.012) 1 0.935a 

(0.020) 
− 0.982b 

(0.003) 
0.913a 

(0.031) 
0.929a 

(0.022) 
0.445 (0.453) 

Moisture % 0.906a 

(0.034) 
− 0.034 
(0.956) 

− 0.984b 

(0.002) 
0.994b 

(0.001) 
0.984b (0.002) 0.935a (0.020) 1 − 0.970b 

(0.006) 
0.973b 

(0.005) 
0.976b 

(0.004) 
0.596 (0.288) 

Sulphate − 0.916a 

(0.029) 
0.011 
(0.986) 

0.990b 

(0.001) 
− 0.969a 

(0.007) 
− 0.990b 

(0.001) 
− 0.982b (0.003) − 0.970b 

(0.006) 
1 − 0.973b 

(0.005) 
− 0.953a 

(0.012) 
− 0.429 
(0.472) 

PO43– 0.977b 

(0.004) 
0.169 
(0.786) 

− 0.991b 

(0.001) 
0.986b 

(0.002) 
0.991b (0.001) 0.913a (0.031) 0.973b 

(0.005) 
− 0.973b 

(0.005) 
1 0.946a 

(0.015) 
0.423 (0.478) 

Potassium 0.868 
(0.057) 

− 0.112 
(0.858) 

− 0.974b 

(0.005) 
0.983b 

(0.003) 
0.974b (0.005) 0.929a (0.022) 0.976b 

(0.004) 
− 0.953a 

(0.012) 
0.946a (0.015 1 0.641 (0.243) 

Manganese 0.266 
(0.665) 

− 0.559 
(0.327) 

− 0.478 
(0.415) 

0.565 (0.321) 0.478 (0.415) 0.445 (0.453) 0.596 (0.288) − 0.429 
(0.472) 

0.423 (0.478 0.641 (0.243) 1  

a Correlation is significant at the 0.05 level (2-tailed). 
b Correlation is significant at the 0.01 level (2-tailed). 
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[5] D.D. Chronopoulos, A. Bakandritsos, M. Pykal, R. Zbořil, M. Otyepka, Chemistry, properties, and applications of fluorographene, Appl. Mater. Today 9 (2017) 

60–70. 
[6] M. Pumera, Z. Sofer, Towards stoichiometric analogues of graphene: graphane, fluorographene, graphol, graphene acid and others, Chem. Soc. Rev. 46 (15) 

(2017) 4450–4463. 
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[20] H.L. Poh, F. Šaněk, A. Ambrosi, G. Zhao, Z. Sofer, M. Pumera, Graphenes prepared by Staudenmaier, Hofmann and Hummers methods with consequent thermal 
exfoliation exhibit very different electrochemical properties, Nanoscale 4 (11) (2012) 3515–3522. 

[21] Y. Hua, F. Li, N. Hu, S.Y. Fu, Frictional characteristics of graphene oxide-modified continuous glass fiber reinforced epoxy composite, Compos. Sci. Technol. 223 
(2022) 109446. 

[22] R. Ruoff, Calling all chemists, Nat. Nanotechnol. 3 (1) (2008) 10–11. 
[23] B. Paulchamy, G. Arthi, B.D. Lignesh, A simple approach to stepwise synthesis of graphene oxide nanomaterial, J. Nanomed. Nanotechnol. 6 (1) (2015) 1–4. 
[24] W.S. Hummers Jr., R.E. Offeman, Preparation of graphitic oxide, J. Am. Chem. Soc. 80 (6) (1958), 1339-1339. 
[25] F. Ullah-Khan, S. Mahmood, Z. Ahmad, T. Mahmood, Z.A. Nizami, Graphene oxide synthesis by facile method and its characterization, Open J. Chem. 2 (1) 

(2019) 11–15. 
[26] D. Hou, Q. Liu, X. Wang, Y. Quan, Z. Qiao, L. Yu, S. Ding, Facile synthesis of graphene via reduction of graphene oxide by artemisinin in ethanol, Journal of 

Materiomics 4 (3) (2018) 256–265. 
[27] H. Yu, B. Zhang, C. Bulin, R. Li, R. Xing, High-efficient synthesis of graphene oxide based on improved hummers method, Sci. Rep. 6 (36143) (2016) 1–7. 
[28] N.I. Zaaba, K.L. Foo, U. Hashim, S.J. Tan, W.W. Liu, C.H. Voon, Synthesis of graphene oxide using modified hummers method: solvent influence, Procedia Eng. 

184 (2017) 469–477. 
[29] D.C. Marcano, D.V. Kosynkin, J.M. Berlin, A. Sinitskii, Z. Sun, A. Slesarev, J.M. Tour, Improved synthesis of graphene oxide, ACS Nano 4 (8) (2010) 4806–4814. 
[30] R. Al-Gaashani, A. Najjar, Y. Zakaria, S. Mansour, M.A. Atieh, XPS and structural studies of high quality graphene oxide and reduced graphene oxide prepared 

by different chemical oxidation methods, Ceram. Int. 45 (11) (2019) 14439–14448. 
[31] J.P.A. de Mendonça, A.H. Lima, J.C. Roldao, J.D.S. Martins, G.M. Junqueira, W.G. Quirino, F. Sato, The role of sulfate in the chemical synthesis of graphene 

oxide, Mater. Chem. Phys. 215 (2018) 203–210. 

M.A. Hoque et al.                                                                                                                                                                                                      

http://refhub.elsevier.com/S2405-8440(24)03670-3/sref1
http://refhub.elsevier.com/S2405-8440(24)03670-3/sref2
http://refhub.elsevier.com/S2405-8440(24)03670-3/sref2
http://refhub.elsevier.com/S2405-8440(24)03670-3/sref3
http://refhub.elsevier.com/S2405-8440(24)03670-3/sref3
http://refhub.elsevier.com/S2405-8440(24)03670-3/sref4
http://refhub.elsevier.com/S2405-8440(24)03670-3/sref5
http://refhub.elsevier.com/S2405-8440(24)03670-3/sref5
http://refhub.elsevier.com/S2405-8440(24)03670-3/sref6
http://refhub.elsevier.com/S2405-8440(24)03670-3/sref6
http://refhub.elsevier.com/S2405-8440(24)03670-3/sref7
http://refhub.elsevier.com/S2405-8440(24)03670-3/sref7
http://refhub.elsevier.com/S2405-8440(24)03670-3/sref8
http://refhub.elsevier.com/S2405-8440(24)03670-3/sref9
http://refhub.elsevier.com/S2405-8440(24)03670-3/sref10
http://refhub.elsevier.com/S2405-8440(24)03670-3/sref10
http://refhub.elsevier.com/S2405-8440(24)03670-3/sref11
http://refhub.elsevier.com/S2405-8440(24)03670-3/sref11
http://refhub.elsevier.com/S2405-8440(24)03670-3/sref12
http://refhub.elsevier.com/S2405-8440(24)03670-3/sref12
http://refhub.elsevier.com/S2405-8440(24)03670-3/sref13
http://refhub.elsevier.com/S2405-8440(24)03670-3/sref13
http://refhub.elsevier.com/S2405-8440(24)03670-3/sref14
http://refhub.elsevier.com/S2405-8440(24)03670-3/sref14
http://refhub.elsevier.com/S2405-8440(24)03670-3/sref15
http://refhub.elsevier.com/S2405-8440(24)03670-3/sref15
http://refhub.elsevier.com/S2405-8440(24)03670-3/sref16
http://refhub.elsevier.com/S2405-8440(24)03670-3/sref16
http://refhub.elsevier.com/S2405-8440(24)03670-3/sref17
http://refhub.elsevier.com/S2405-8440(24)03670-3/sref17
http://refhub.elsevier.com/S2405-8440(24)03670-3/sref18
http://refhub.elsevier.com/S2405-8440(24)03670-3/sref18
http://refhub.elsevier.com/S2405-8440(24)03670-3/sref19
http://refhub.elsevier.com/S2405-8440(24)03670-3/sref19
http://refhub.elsevier.com/S2405-8440(24)03670-3/sref20
http://refhub.elsevier.com/S2405-8440(24)03670-3/sref20
http://refhub.elsevier.com/S2405-8440(24)03670-3/sref21
http://refhub.elsevier.com/S2405-8440(24)03670-3/sref21
http://refhub.elsevier.com/S2405-8440(24)03670-3/sref22
http://refhub.elsevier.com/S2405-8440(24)03670-3/sref23
http://refhub.elsevier.com/S2405-8440(24)03670-3/sref24
http://refhub.elsevier.com/S2405-8440(24)03670-3/sref25
http://refhub.elsevier.com/S2405-8440(24)03670-3/sref25
http://refhub.elsevier.com/S2405-8440(24)03670-3/sref26
http://refhub.elsevier.com/S2405-8440(24)03670-3/sref26
http://refhub.elsevier.com/S2405-8440(24)03670-3/sref27
http://refhub.elsevier.com/S2405-8440(24)03670-3/sref28
http://refhub.elsevier.com/S2405-8440(24)03670-3/sref28
http://refhub.elsevier.com/S2405-8440(24)03670-3/sref29
http://refhub.elsevier.com/S2405-8440(24)03670-3/sref30
http://refhub.elsevier.com/S2405-8440(24)03670-3/sref30
http://refhub.elsevier.com/S2405-8440(24)03670-3/sref31
http://refhub.elsevier.com/S2405-8440(24)03670-3/sref31


Heliyon 10 (2024) e27639

18

[32] Z. Benzait, P. Chen, L. Trabzon, Enhanced synthesis method of graphene oxide, Nanoscale Adv. 3 (1) (2021) 223–230. 
[33] S. Xu, J. Liu, Y. Xue, T. Wu, Z. Zhang, Appropriate conditions for preparing few-layered graphene oxide and reduced graphene oxide, Fullerenes, Nanotub. 

Carbon Nanostruct. 25 (1) (2017) 40–46. 
[34] M.J. Webb, P. Palmgren, P. Pal, O. Karis, H. Grennberg, A simple method to produce almost perfect graphene on highly oriented pyrolytic graphite, Carbon 49 

(10) (2011) 3242–3249. 
[35] S. Zhou, A. Bongiorno, Origin of the chemical and kinetic stability of graphene oxide, Sci. Rep. 3 (1) (2013) 2484. 
[36] P. Noorunnisa Khanam, M.A. AlMaadeed, M. Ouederni, B. Mayoral, A. Hamilton, D. Sun, Effect of two types of graphene nanoplatelets on the 

physico–mechanical properties of linear low–density polyethylene composites, Adv. Manuf. Polym. Compos. Sci. 2 (2) (2016) 67–73. 
[37] R.B. Capaz, Grand challenges in graphene and graphite research, Frontiers in Carbon 1 (1034557) (2022) 1–4. 
[38] P. Zare, M. Aleemardani, A. Seifalian, Z. Bagher, A.M. Seifalian, Graphene oxide: opportunities and challenges in biomedicine, Nanomaterials 11 (5) (2021) 

1–18. 
[39] F. Liu, C. Wang, X. Sui, M.A. Riaz, M. Xu, L. Wei, Y. Chen, Synthesis of graphene materials by electrochemical exfoliation: recent progress and future potential, 

Carbon Energy 1 (2) (2019) 173–199. 
[40] K. Parvez, Z.S. Wu, R. Li, X. Liu, R. Graf, X. Feng, K. Mullen, Exfoliation of graphite into graphene in aqueous solutions of inorganic salts, J. Am. Chem. Soc. 136 

(16) (2014) 6083–6091. 
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