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General Abstract 

 

Graphene is being exponentially utilized across diverse research fields due to its extraordinary 

ability to enhance material properties with its miraculous attributes. Still, the material is 

expensive due to difficulties in the production of high-quality graphene. In this study, a few 

initiatives were approached to reduce the production costs of graphene with improved 

properties. At first, Tour's modified Hummer’s method was adopted to synthesize improved 

graphene with the feed acid liquor (FAL) recycling technique. About 90% of the FAL were 

recycled and reused five times as feed for successive production batches. Another focus was on 

the oxidation reaction to achieve graphene oxides (GOs) with higher oxygen to carbon ratios. 

The changes in recycled FAL and synthesized GOs properties due to repeated recycling were 

evaluated. The synthesized GOs were utilized for the removal of arsenic (As3+) ions from water, 

showing a qmax of 343.14 mg/g with 98.4% removal efficiency from 300 ppm to 22 ppm. The 

GOs were then reduced thermally at various temperatures in water, kerosene, and kerosene 

followed by ascorbic acid methods and times. The major objective of the reduction was to 

achieve maximum reduction of GO. The synthesized reduced graphene oxides (rGO) were 

evaluated for the antimicrobial properties. Although the Hummer’s method produces GO and 

rGO with improved properties, the method is difficult to carry out, very slow, and expensive. 

To obtain an easy and faster method for the production of graphene in bulk, a microwave 

assisted rapid exfoliation process of graphene exfoliation was examined along with the effect 

of variation of the intercalating agent ratio. All the products of FAL, GOs, rGOs, and 

microwave graphene (MG) were characterized using a Karl-Fischer moisture analyzer, IC, 

AAS, FT-IR (ATR), FT-Raman, UV-Visible Spectroscopy, PS-Zeta potential, XPS, XRD, 

STA, TGA, FE-SEM, and TEM analyzer. The FAL had increased moisture content with the 

successive recycling, but had no significant changes in properties and composition of GO. 

However, GO properties greatly changed with temperature and time of reaction, and the amount 

of oxidizing agent. The degree of reduction of GOs in N2 atmosphere at 193.4 oC was 95% of 

its initial mass, even at a slow rate of heating, but at this temperature, GO explosively degraded. 

In water medium as well as in kerosene, the explosive degradation can be omitted, and even at 

220 oC, affording 40% reduction, which was mainly due to the removal of oxygen atoms as 

evident from the XPS analysis. The extremely reduced rGO contained an oxygen-to-carbon 

ratio of only 2.49% based on its initial oxygen content. In this study, XRD data also supported 

the composition of rGO and showed that it contained a homogeneous amorphous or 
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nanocrystalline structure, as demonstrated by the 2θ = 24.91° peak in the (002) plane, which 

was shifted from the GO peak at 2θ = 12.86° in the (001) plane. The SEM image measured by 

ImageJ software showed that the obtained grain sizes were between 100 and 200 nm for both 

the GO and rGO. These rGO also showed strong activities against gram-positive and gram-

negative bacteria, such as B. subtilis, S. aureus, E. coli, and S. typhi.  In the case of MG, the 

degree of exfoliation was directly proportional to the intercalating agent ratios, and this method 

directly produces pristine graphene. This MG was highly thermo-stable up to 700-800 oC with 

high crystallinity, having 2θ = 26.56° at the (002) plane. The crystalline graphene showed 

excellent adsorption of acid blue-25 dyes with qmax 472.8 mg/g and 94.56% removal efficiency 

in the case of a 300-ppm dye solution. 
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General Introduction 

1.1. Background 

A monolayer of graphene is structurally constructed from one carbon-atom-thick, two-

dimensional sheets of only carbon atoms, where every carbon atom is attached to three other 

carbon atoms with sp2 hybridized orbitals, forming a hexagonal honeycomb lattice structure 

(Yang G., et al., 2018). Wallace P. R. theorized single-layer graphene in 1947, and Andre Geim 

and Konstantin Novoselov successfully isolated and identified it in 2004 using the “Scotch Tape 

technique” (Novoselov K. S., et. al., 2004). They credited Hanns-Peter Boehm for first 

identifying graphene in 1962 and coining its name in 1986. Graphene is the fundamental 

structure of all graphitic forms of carbon including carbon nanotubes and graphite, and gained 
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prominence in the mid-2000s due to its remarkable properties such as exceptional strength, 

cost-efficiency, unique electrochemical properties like stability, high adaptability due to its 

delocalized electrons, high visible light transparency, fascinating elasticity, excellent carrier 

mobility, thermal conductivity, extraordinary magnetic properties, large specific surface area, 

high surface charge, and charge transfer interactions with molecules. In addition, the presence 

of various defects and disorders, including corrugations, topological defects, vacancies, 

adatoms, and sp3-defects, has a beneficial effect on electrical, thermal, chemical, and 

mechanical properties. These properties arise from graphene’s intrinsic structural features, 

including its sp²‐hybridized lattice, unit-cell geometry, σ–π bonding framework, electronic band 

dispersion, edge configurations, and layer number. As an atomically thin carbon sheet, graphene 

possesses a quasi-metallic electronic structure, exceptionally high material quality, and 

remarkable environmental stability. The films are discovered to be a two-dimensional 

semimetal with a small overlap between the conductance and valence bands. They also show a 

strong ambipolar electric field effect, which allows gate voltage to induce electrons and holes 

in concentrations as high as 1013/cm2 and with mobilities of about 10,000/cm2-V-S square 

centimeters per volt-second at room temperature. Moreover, outstanding surface areas (2630 

m2/g), a high Young's modulus (1.0 TPa), high thermal conductivity (~5000 W.M-1.K-1), strong 

chemical durability, and high electron mobility (2.5X105 cm2 V-1S-1) are among the remarkable 

properties of a highly ordered graphene sheet (Alimohammadzadeh E., et. al., 2024), 

(Brownson D. A., et. al., 2012), (Soldano C., et. al., 2010), (Geim A. K., et. al., 2007), 

(Novoselov K. S., et. al., 2005), (Novoselov K. S., et. al., 2012), ((Nair R. R., et. al., 2008), 

(Bolotin K. I., et. al., 2008), (Balandin A. A., et. al., 2008), (Stoller M. D., et. al., 2008), (Coroş 

M., et. al., 2018), (Abdelkader A. M., et. al., 2015), (Chabot V., et. al., 2014). 

1.2. Structure and properties of graphene 

Graphene's structure is characterized by its two-dimensional arrangement of carbon atoms, in 

which each carbon atom is sp2-hybridized, forming three sigma bonds with neighboring carbon 

atoms. In contrast, the fourth p-orbital forms a delocalized π-bonding network as shown in 

(Figure-1.1) (Roberts M. W., et. al., 2010), (Ovsiienko I., et. al., 2018). This arrangement results 

in a planar structure with a bond length of approximately 1.42 Å between carbon atoms (Wang 

J. T., et. al., 2014), (Jakhar A., et. al., 2023). The unique electronic properties of graphene arise 

from its band structure, which features a linear dispersion relation near the Dirac points, leading 

to massless charge carriers known as Dirac fermions (Yankowitz M., et. al., 2012). 
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Figure-1.1: Structure of graphene with C-C Bond length (Roberts M. W., et. al., 2010). 

 

The unique structure of graphene, characterized by its hexagonal lattice and sp² hybridization, 

significantly enhances its physico-chemical properties, making it a versatile material for various 

applications. The arrangement of carbon atoms allows for high charge mobility and exceptional 

electrical conductivity, attributed to the extended π-conjugation system, which facilitates 

electron transport (Cheng H., et. al., 2017). Additionally, the synthesis methods and conditions, 

such as the formation of σ and π bonds, influence the structural-morphological properties, 

thereby affecting electrochemical behavior and catalytic activity (Panteleimonov R. A., et. al., 

2022). Graphene functionalization, through covalent and non-covalent bonds, further tailors’ 

graphene’s properties, improving its electrocatalytic performance and enabling applications in 

biosensors and energy storage devices (Vasilios G., et. al., 2012). Moreover, the presence of 

defects, such as vacancies and edge structures, can modify chemical reactivity, enhancing the 

utility in diverse fields (Sokrates T., et. al., 2012). Overall, the structural intricacies of graphene 

are pivotal in determining its remarkable properties and potential applications (Makhsin S. R., 

et. al., 2023). 

The mechanical properties of graphene are equally impressive; it is known to be one of the 

strongest materials, with a tensile strength of over 130 GPa and a Young's modulus of 

approximately 1 TPa (Zhu C., et. al., 2016). Additionally, graphene exhibits excellent thermal 

conductivity, with values reaching up to 5000 W/mK, which is significantly higher than that of 

copper (Kawabata A., et. al., 2013). Its optical properties are also noteworthy, as graphene can 

absorb about 2.3% of incident light, making it a potential candidate for optoelectronic 

applications (Furchi M., et. al., 2012).  

 

1.3. Synthesis of graphene oxides  
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There are two key approaches for synthesizing graphene oxide (GOs): top-down and bottom-

up methods. Top-down strategies involve extracting GOs in bulk from graphite or a carbon 

source, whereas the bottom-up methods deal with the carbon molecules to create graphene 

(Abdelkader A. M., et. al., 2015), (Liu W. W., et. al., 2014), (Romero A., et. al., 2018). The 

majority of commercially available graphene is produced via top-down procedures because 

these methods are less expensive and easier to apply at larger scales (Lim J. Y., et. al., 2018). 

The chemical oxidation-reduction, exfoliation, arc-discharge, and irradiation of GOs are the 

methods involved in the typical top-down process for producing graphene/GOs (Dimiev A., et. 

al., 2012), (Eftekhari A., et. al., 2018), (Atta M. M., et. al., 2022). Amongst these top-down 

approaches, the chemical oxidation of graphite to GOs is the most often utilized one, which was 

proposed by Hummer’s (Hummer's Jr. W. S., et. al., 1958) and eventually modified Hummer’s 

method (Narasimharao K., et. al., 2016) and Tour method (Marcano D. C., et. al., 2010) 

emerged. Here we have conducted a precise outline on the synthesis of GOs following modified 

Hummer’s method, especially modified by James M. Tour, called Tour’s method. In this 

method, he eliminated nitric acid with phosphoric acid, which omitted the ice cooling step as 

well as the toxic NOx gases evaluations. 

 

1.3.1. Hummer’s method  

The most significant alternative technique for the oxidative chemical exfoliation of graphite 

was reported by Hummers and Offeman in 1958 (Hummer’s Jr. W. S., et. al., 1958). This 

method is considered the safest and fastest strategy for developing GOs with a C/O ratio of 

around 2.25. This approach works with KMnO4 in excess as oxidant, concentrated H2SO4 as 

intercalator, and a small amount of NaNO3 with a synergistic effect. To date, there have been 

plenty of studies that used Hummer’s method of GOs synthesis. GOs was synthesized by 

oxidizing the graphite via a simplified Hummer’s method by our research group among many 

others (Mahmudunnabi D. M., et. al., 2024), (Kudus M. H., et. al., 2020), (Elhamid A. I., et. al., 

2019), (Hou Y., et. al., 2020), (Chen X., et. al., 2022), (Kang J. H., et. al., 2016), (Liou Y. J., et. 

al., 2015), (Lv S., et. al., 2013), (Sun L., et. al., 2013), (Peng K. J., et. al., 2016), (Zhang B., et. 

al., 2016). El-Khodary et al. also proposed the modification of Hummer’s method by using 

hydrogen peroxide as an oxidizing agent without affecting the yield of the product (El-Khodary 

S. A., et al., 2014). Highly oriented industrially expandable pyrolytic graphite was used as a 

precursor for mass production of GOs using Hummer’s method after a slight modification of 

the spontaneous expansion process, which enabled it to become facile (Sun L., et al., 2013). 
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Various GOs samples were synthesized under different working conditions following 

Hummer’s method (Wu T. T., et al., 2013). In terms of safety, time, and quality, Hummer’s 

method is considered superior as this method offers benefits compared to the oxidation methods 

mentioned earlier (Hou Y., et al., 2020), (Chen X., et al., 2022). Nevertheless, the release of 

harmful gases and enhanced reaction temperature in Hummer’s method restricts its feasibility 

for widespread application. Consequently, coordinated efforts had been initiated to enhance 

and/or modify Hummer’s method to address concerns regarding safety, reaction duration, 

reaction temperature, oxidation level, and expenses. 

 

1.3.2. Modified Hummer’s method 

Numerous alterations and variants of Hummer’s approach have been created to enhance the 

yield and characteristics of GOs while minimizing the drawbacks (Zaaba N. I., et. al., 2017). 

GOs with different structures, oxygen contents, and carbon/oxygen (C/O) ratios were developed 

by conducting a second study on GOs synthesis using several modifications to Hummer's 

methodology (Guerrero C. J., et. al., 2015). By altering the amounts of NaNO3 and KMnO4, 

GOs with various structures, oxygen contents, and carbon/oxygen (C/O) ratios were produced. 

In a similar approach, oxidation of graphite using K2Cr2O7 was made with many adjustments 

to Hummer’s technique (Muzyka R., et. al., 2017). A traditional 24-hour reaction was necessary 

to produce GOs in Hummer’s method with a comparable oxygen concentration (~41%), while 

the GOs made using K2Cr2O7 had the same oxygen content with a 2-hour reaction time. GOs 

were synthesized with a high degree of oxidation by varying the reactant compositions and 

oxidation temperatures using modified Hummer’s method (Alkhouzaam A., et. al., 2020), 

(Heidarizad M., et. al., 2016), (Kong S., et. al., 2020), (Ramesha G. V., et. al., 2011), (Yang D., 

et. al., 2009). GOs were also developed using the same method, and the reaction mechanism 

was revealed (Elhamid A. I., et. al., 2018). Microwave-assisted expanded graphite was used to 

synthesize GOs using modified Hummers’ method (Algamdi M. S., et. al., 2019). Optimization 

of the synthesis process was performed with chemical adjustment to optimize the use of H3PO4 

(Olorunkosebi A. A., et. al., 2021). The synthesized GOs by this method were applied to reveal 

their catalytic property (Lin C., et. al., 2016), (Quitain A. T., et. al., 2018). GOs nanosheets 

were produced from natural graphite flakes via this method (Zarrin H., et. al., 2011). Aqueous 

suspensions of GOs were also prepared by this method (Wilson N. R., et. al., 2009).  

 

1.3.3. Improved Hummer’s method/ Tour’s method 
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In 2010, the methodology used by Hummer’s group was enhanced by Tour and his team 

(Marcano D. C., et. al., 2010) for the production of GOs with a high level of oxygen. A small 

proportion of phosphoric acid was added in place of NaNO3, which acts as an etching and 

dispersive agent to carry out the oxidation of graphite in the presence of a greater amount of 

KMnO4, a 1:6 ratio with graphite, and a 9:1 mixture of H2SO4 and H3PO4. The GOs developed 

by Tour’s technique exhibited a higher yield, an enhanced level of oxidation, and a more 

organized structure with fewer imperfections in comparison to the GOs synthesized by other 

methods. In the basal plane, the development of five-membered cyclic phosphate groups 

between two adjacent diols and phosphoric acid was associated with the construction of an 

ordered structure. In comparison to Hummer’s technique, the enhanced method provides a 

greater number of hydrophilic groups on the oxidized graphene. Similarly, GOs was produced 

by the oxidation of natural graphite powder using an improved version of Hummer’s method 

by replacing the NaNO3 with KClO3 and fuming HNO3 with concentrated H2SO4 from the 

reaction formula (Chen J., et. al., 2013).  

 

In another study, graphite flakes sized between 3–20 µm were fully changed into single-layer 

GOs with a remarkable yield of 171 ± 4% using concentrated H2SO4 and 3 times extra KMnO4 

in Hummer’s method (Chen J., et. al., 2015). Eco-friendly oxidant K2FeO4 was utilized for the 

synthesis of GOs from graphite flakes (Romero A., et. al., 2018). A series of GOs nanosheets 

were synthesized with different lateral sizes and oxidation degrees by using Nafion (5% 

perfluorinated resin in water) solution (Li P., et al., 2018). Acidic group functionalized GOs 

were prepared using Nafion to develop improved GOs which could provide a higher amount of 

active oxygenated moieties on the GOs surface (Barik B., et. al., 2023). Since the Tour process 

just requires low-temperature heating (50 ºC) and doesn't create any harmful gases, it is safer 

than other oxidation techniques. It has been determined that the improved Hummer’s approach 

offers greater benefits due to its reduced toxicity and a number of other benefits of the 

synthesized product (Jilani A. I., et. al., 2018), as well as adding advantages to large-scale GO 

production (Marcano D. C., et. al., 2010). 

 

1.3.4. Electrochemical exfoliation of graphite to GOs 

Graphene sheet produced in the electrochemical exfoliation process is more hydrophilic 

because of the existence of various types of oxygen functional groups that make it more 

dispersible in water as well as more stable as a colloidal substance (Sevilla M., et. al., 2016). 
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However, it is time-consuming and makes some defects because of existing foreign particles 

(Coroş M., et. al., 2018).  

 

Electrochemical processes for the preparation of GOs involve the use of an aqueous solution 

(Yang S., et. al., 2016) because of availability, good dispersibility in water, and an electrical 

biasing DC current to the graphite electrode, either cathodic or anodic. It is generally known 

that the electrolyte is essential to the quality and yield of graphene produced by the 

electrochemical exfoliation process. Ionic liquid (Liu N., et. al., 2008), high molecular polymer 

(Lee S. H., et. al., 2010), polar solvents (Wang J., et. al., 2011), surfactants (Alanyalıoğlu M., 

et. al., 2012), and inorganic solutions are among the several types of electrolytes that had been 

employed (Morales G. M., et. al., 2011) (Su C. Y., et. al., 2011) (Parvez K., et. al., 2013) (Wu 

L., et. al., 2014) (Parvez K., et. al., 2014).  

 

Electrochemical exfoliation has become a straightforward method for producing graphene from 

various graphite forms, such as powders, foils, and flakes (Kovtun A., et. al., 2019) (Su C. Y., 

et. al., 2011). By applying either cathodic (negative) or anodic (positive) bias, ions in 

electrolytes facilitate exfoliation (Abdelkader A. M., et. al., 2015) (Wei D., et. al., 2012) (Low 

C. T. J., et. al., 2013). Electrochemical exfoliation shows significant advantages over other 

processing methods because of simple operation and easy control under ambient conditions at 

room temperature, and takes place in a solo route (Coroş M., et. al., 2018) (Abdelkader A.M., 

et. al., 2015).  

 

 

The electrochemical exfoliation of graphite to graphene was examined using potassium chloride 

as an electrolytic medium (You X., et. al., 2011). The chloride ions are gasified during 

electrolysis between the layer of graphite, which produces an electrostatic force between the 

layers to overcome the van der Waals force between the graphite layers and the exfoliated 

graphene layers. A monolayer, bilayer, and trilayer of exfoliated GOs on a SiO2 substrate had 

average spin-coated thicknesses of 1.9, 2.8, and 3.9 nm, respectively. Controlling factors like 

electrical potential, electrolyte composition, and processing time allow tailoring graphene’s 

defect density, oxygen content, and layer size. Additionally, functionalizing agents can 

chemically modify graphene during exfoliation (Yang S. L. M., et. al., 2016) (Yu P., et. al., 

2015) (Paredes J. I., et. al., 2017) (Huang X., et. al., 2015; Parvez K. W. Z., et. al., 2014). 
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Common electrolytes include sulfuric acid (H2SO4), which enables the SO4
2⁻ ion to fit well in 

graphite’s structure, expanding it and forming gases that aid exfoliation. Pretreating graphite in 

NaOH can further enhance graphene yield by reducing oxidation (Liu J., et. al., 2013) (Wu L., 

et. al., 2014). 

 

Sodium halides must also be taken into consideration. At low salt concentrations, graphite 

electrodes were not sufficiently intercalated, but at high concentrations, the intercalation 

process was incredibly dynamic and quick, causing the electrodes to disintegrate. For NaCl, 

NaBr, and NaI, the ideal absorption is 0.05 M, 0.1 M, and 0.1 M, respectively (Munuera J. M. 

P. J., et. al., 2017). By adding NaCl or KCl as an electrolyte to Na2SO4. Munuera et. al. was 

able to prevent graphene from oxidizing more effectively than using NaBr, NaI, Na2SO3, 

sodium citrate, ascorbic acid (Anaya I. O., et. al., 2023), NaBH4, and ethanol. This resulted in 

graphene materials with one of the highest C/O proportions (33.3‐50) ever recorded (Munuera 

J. M. P. J., et. al., 2018). In another publication, he shows that the structural flaws in graphite 

foils, such as crowding, voids, and wrinkles, would help exfoliate graphite and lessen damage 

(Munuera J. M. P. J., et. al., 2015). Other electrolytes, including inorganic and organic salts, 

including ionic liquids (ILs), sulfates, halides, and transition metals, were used in graphene 

synthesis, impacting graphene properties by interacting with oxidative radicals during 

exfoliation. Besides salts, organic compounds have been explored to reduce oxidation and 

improve graphene quality. For example, Yang et. al. used inorganic reducing agents in 

(NH4)2SO4, and Yoshimura et al. utilized glycine-HSO4 complexes to aid ion intercalation in 

graphite electrodes (Yang S., et. al., 2015). 

 

1.3.5. Microwave exfoliation of graphite 

Recently, as one kind of mechanical exfoliation method to produce graphene, microwave-

assisted exfoliation of graphite nanoplatelets has attracted extensive attention for its many 

advantages (Janowska I., et. al., 2010). Graphene produced under MWI had been reported 

earlier (Li Z., et. al., 2010) (Long J., et. al., 2011) (Xu Z., et. al., 2011) (Murugan A. V., et. al., 

2009). For instance, Pirzado A., et. al., have obtained the electrical property of large few-layer 

graphene flakes by microwave-assisted exfoliation of expanded graphite (Pirzado A., et. al., 

2016). Specifically, the few-layer graphene was synthesized by microwave-assisted exfoliation 

of expanded graphite in toluene with an overall yield of 7% to 20%. Typically, the previous 
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studies have mainly been proposed to effectively reduce the oxidation of graphene by MWI 

(Shen J., et. al., 2012).  

 

Most of these reduction methods assisted by MWI used pretreated graphite oxide as the 

precursor or were synthesized in liquid phase, which cause the pretreatment process inevitably 

involves the use of chemical reagents. Moreover, the MWI methods have some limitations for 

rapid preparation of graphene at present, such as generating unwanted structural defects, 

uncontrolled sizes, shapes, uncontrolled layer numbers, poor absorption capacity, fast electron–

hole recombination, low photocatalytic quantum, etc. (Ajay K., et. al., 2024) (Tung T. T., et. 

al., 2023). The adsorption process is one of the most significant processes in the field of dye 

removal, and it is better than other methods due to its low cost, ease of operation, and 

insensitivity to toxic substances (Malik P.K., 2004). 

 

Compared with previous methods, the preparation method via peeling from bulk graphite 

assisted by MWI in the solid state shows many advantages, like maneuverability, time-saving, 

and scalable, which may find practical applications in the preparation of graphene-based 

materials (Dubey A., et. al., 2024). 

  

1.4. Method of reduction of GOs to rGO 

The reduction of GOs to rGO involves the removal of –OH and other functional groups from 

GOs, resulting in the restoration of the carbon backbone in a layered structure. Various methods 

for the reduction of GOs to rGO are reported in the literature, some of which are discussed 

below- 

 

1.4.1. Thermal reduction methods 

GOs were reduced thermally under different conditions in different media such as atmospheric 

air, N2, water, solvent, etc. A general method to synthesize graphene nanosheets by thermal 

reduction of GOs at 350 °C for varying durations, and most of the reduction was completed in 

one hour. An increase in reduction time improved exfoliation, surface area, and graphitization 

(ID/IG ratio of 1.34) (Mokhtar M. M., et. al., 2017). The main function of the reduction procedure 

of GOs to rGO is the removal of oxygen, which contains several functional groups. This action 

provides a more hydrophobic characteristic of the material with improved electrical 

conductivity. The most commonly used reducing agents are hydrazine, ascorbic acid, sodium 
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borohydride, and thermal annealing. Additionally, the effects of the reduction condition on the 

generation of photocurrent in GOs/rGO-based large-area thin film photodetectors were 

evaluated. RhB (cationic dye) has a strong affinity for GOs due to its vast surface area and high 

concentration of negatively charged exogenous groups, which aid in the fast adsorption of RhB 

(Poulomi D., et. al., 2024). Thermally reduced GOs film (r-GOF) was made by annealing GOs 

films, showing improved thermal conductivity and mechanical properties as the temperature 

rises. At 1200 °C, r-GOF achieves 1043.5 W/m·K (Jing S. N., et. al., 2014). Solar-reduced GOs 

(SRGO) were synthesized under solar radiation and were coated on a polyurethane sponge for 

oil adsorption from water. Green reduced graphene oxide (GrGO) was synthesized using jute 

leaf extract and graphite from waste batteries for efficient tetracycline (TC) removal from water 

(Kabir M. H., et al., 2024). An environmentally friendly method using Chlorella sp. UMACC 

313 suspensions produced rGO (Tee J. Y., et. al., 2024) (Peng C., et. al., 2011). A new reducing 

agent system using hydroiodic acid and trifluoroacetic acid can convert GOs into reduced GOs 

at subzero temperatures in solution. Investigate the electrical conductivity of rGO from GO 

using sodium borohydride (NaBH4) as a reducing agent for 2 min to 24 hrs. at a temperature of 

20–80 °C (Guex L. G., et. al., 2017). 

 

1.4.2. Reduction of GOs under solvothermal and hydrothermal conditions 

The thermal reduction of GOs in solvents (H2O, DMF) at 100 and 150 °C enhances reduction 

rates compared to dry conditions. This process is also known as the solvothermal process. DMF 

accelerates GOs reduction, while DMSO and Ethylene glycol show less impact (Lin Z., et. al., 

2010). Refluxing GOs in NMP deoxygenates and reduces with a color change from light brown 

to black. Commercial graphite was oxidized using modified Hummer’s method, exfoliated in 

water via ultrasound (Farazas A., et. al., 2018), and reduced by stirring in hot distilled water at 

95 °C, replacing toxic hydrazine and producing graphene or rGO without hazardous chemicals 

(Vorrada L., et. al., 2013). Hydrothermal reduction of GOs at 200 °C is an eco-friendly and 

cost-effective method. A detailed study shows that GOs reduced after 4 hours, yielding rGO 

with low oxygen content, smaller interlayer spacing, and wrinkled structures, suitable for 

various applications (Hui H. H., et. al., 2018).  

 

A green approach to synthesizing rGO using palm oil leaf extract as a reducing agent, replacing 

hazardous chemicals. The method demonstrated successful oxidation, reduction, and 

restoration of its properties, with rGO showing enhanced electrochemical performance, ideal 

Mahamudul Hasan
Typewritten text
Dhaka University Institutional Repository



xxxii 
 

for industrial applications (Faiz M. S., et. al., 2020). Reduced GOs, synthesized via a 

hydrothermal method from GOs, were done by Mei X. et. al., and showed the temperature-

dependent reduction (Xiufeng M., et. al., 2015). Raman analysis confirms higher temperatures 

enhance GOs reduction, impacting interlayer spacing, ID/IG ratio, and conductivity (Xiufeng 

M., et. al., 2015). Thermal reduction of GOs with and without carbon suboxide (C3O2). Where 

lower activation energy, increasing GO's reactivity, while reducing the energy released during 

thermal decomposition compared to pure GOs (Rūta A., et. al., 2021). Water-dispersible rGO 

using pH-tuned liquid-phase photoreduction without stabilizers to afford defect-free GOs, 

maintaining stability and water dispersion, offering potential for future rGO applications. 

(Kazuto G., et. al., 2017). 

  

1.4.3. Reduction of GOs in kerosene 

Graphite was exfoliated into graphene sheets by high-energy wet milling in kerosene and                   

2-ethylhexanol to provide good morphology and structure. Graphene from 2-ethylhexanol had 

many layers, larger crystals, and fewer defects, while kerosene produced fewer layers, smaller 

crystals, and more defects (Al-Sherbini A., et. al., 2017). Graphene oxide synthesized from 

kerosene soot showed nanostructure, high conductivity with a large band gap, and frequency-

independent conductivity (Mashiath K., et. al., 2018). 

 

1.4.4. Reduction of GOs in water with ascorbic acid 

GOs were synthesized from natural graphite and reduced using ascorbic acid (AA) as a green 

reductant rapidly in 30 minutes, where natural graphite proved superior for GOs synthesis, 

providing a cost-effective, eco-friendly method for producing GOs and rGO (De Silva K. K., 

et. al., 2017). GOs were reduced using ascorbic acid (vitamin C), a low-cost, eco-friendly agent, 

replacing toxic reducers like hydrazine. The reduction process preserved key properties of rGO, 

making it suitable for various applications (Sharma T. K. A., et. al., 2021). An eco-friendly 

method was developed to reduce GOs using carbonic acid, synthesized from dry ice and 

deionized water or acetic acid and sodium bicarbonate (Wadekar P. H., et al., 2018). The 

resulting rGO shows excellent water dispersibility, high specific capacitance (350.3 F/g), and 

stable electrochemical performance, suitable for application in supercapacitors. A large-scale 

and cost-effective, green method for synthesizing GOs and rGO using natural graphite and 

ascorbic acid as a reductant was also demonstrated (De Silva K.K., et. al., 2017). 
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A green method to synthesize GOs by the Tour method was successfully reduced to rGO using 

ascorbic acid, offering an eco-friendly approach (Habte A. T., et. al., 2019). The individual 

graphene oxide sheets can be readily reduced under mild conditions using L-ascorbic acid 

(L-AA), and through this simple approach, a partially of water-soluble graphene was obtained 

on a large scale (Zhang J., et. al., 2010). This study afforded high surface area rGOs. A graphene 

oxide reduction method using ascorbic acid produced a chitosan/graphene modified electrode, 

which showed excellent electrocatalytic activity for dopamine and ascorbic acid detection, with 

low detection limits and successful application in human serum samples (Xu Z., et. al., 2012). 

A scalable one-pot method for producing rGO via sonication-assisted oxidation of graphite, 

followed by ascorbic acid reduction (Abdolhosseinzadeh S. H., et. al., 2015). This process 

simplifies washing, reduces production time, and enhances yield, facilitating large-scale 

graphene production. Vitamin C, as an effective, non-toxic alternative to hydrazine, achieves 

similar deoxygenation and conductivity restoration, enabling stable GOs suspensions in water 

and organic solvents for large-scale applications (Merino M. J. F., et. al., 2010). A low-cost, 

environmentally friendly reduced graphene nanosheets (rGNS) with L-AA for multifunctional 

coatings in the aeronautical industry was also demonstrated (Markus O., et. al., 2023). 

 

 

 

 

 

 

 

 

1.5. Characterization of graphene materials 

 

1.5.1. UV-Visible light absorbance properties 

GOs showed good absorbance in the UV region, and the absorbance is linear with the 

concentration. So, this technique can be utilized for the measurement of GOs concentration in 

solution (Abele C. D., et. al., 2022). It was also observed that there is a small change in UV 

light absorbance due to a change in the particle size of GOs, and the variation occurs due to the 

chemical compositional change in the functional groups during size reduction activities. 

Chemical reduction of GOs provides excellent rGO properties using hydrazine as a reducing 
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agent, showing a red shift from 238 to 279nm in UV-Visible absorption band (Hidayah N. M., 

et. al., 2017).  

 

1.5.2. FT-IR spectroscopic analysis 

Fourier Transform Infrared (FT-IR) spectroscopy is a powerful analytical technique widely 

used for the characterization of graphene-based materials such as GOs, rGO, and microwave-

assisted graphene. This technique provides valuable insights into the functional groups present 

on the material’s surface, which play a crucial role in determining their properties and 

applications.  

 

For GOs, FT-IR spectra typically reveal the presence of oxygen-containing functional groups, 

such as hydroxyl (–OH), epoxy (> <), and carbonyl (>C=O). The peak at 1288 cm-1 is 

attributed to (C-O) bond bending in > <, while C-OH bending is observed at 1587 cm-1. 

The carbonyl group shows a peak at 1724 cm-1 as (>C=O) stretching, and a broad peak at 

3448 cm-1 is attributed to O-H stretching vibration, respectively. These groups are introduced 

during the oxidation process. These functional groups significantly enhance the hydrophilicity 

and chemical reactivity of GOs but also disrupt its conjugated π-electron system (Andrijanto 

E., et. al., 2016). 

 

In the case of rGO, the FT-IR spectra demonstrate a significant reduction or elimination of these 

oxygen-containing groups, indicating the partial restoration of the conjugated carbon network. 

This transformation highlights the efficiency of the reduction methods used and correlates with 

the improved electrical and mechanical properties of rGO (Ghorbani M., et. al., 2015). 

1.5.3. FT-Raman spectroscopic analysis 

It can be observed that GOs exhibit two distinct Raman features at approximately 1353 cm-1 

and approximately 1598 cm-1, which correspond to the D and G bands (Kaushal A., et. al., 

2019). The C-C stretching, which was constant across all sp2 Carbon systems, contributed to 

the G peak. Disordered regions in C-C with sp3 carbons coupled to out-of-plane vibrations were 

the cause of the D peak. In addition, GOs showed a higher wavenumber of the 2D peak at about 

2686 cm-1. The location of GOs verified that the GOs that were generated were multilayered. 

The combination of the D and G peaks, which were distinguished at 2938 cm-1, was assigned 

the S3. For rGO, it has been noted that as the relative intensity rises, the G and D peaks have 
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grown wider and narrower, while the S3 and 2D peaks have gotten narrower. GOs main are 

reduced to shifting D, G, 2D, and S3 peaks to approximately 1349 cm-1, 1596 cm-1, 2714 cm-1, 

and 2947 cm-1. As of the restoration of the sp2 carbon and the reduction in the average size of 

the sp2 region, the ID/IG ratio for GOs increases to 1.16 after reduction. Using the following 

equations, the ID/IG ratio is used to estimate the in-plane size of sp2 domains (Lsp2) were 

determined using (equation-1), average defect distance (LD) using (equation-2), and defect 

density (nD, cm-2) using (equation-3): - 

   Lsp2 =
560 IG 

EL4 ID
  ……………………………………..…………. (1) 

 

   L2
D (nm2) = 2.4 × 10-9 λ4

L IG/ID………………………………. (2) 

 

   nD = 2.4 × 1022 ID / λ4
L IG………………………………….… (3) 

 

where EL and λL stand for the laser source's energy and wavelength, respectively. For 

intercalants, equations (6) and (7) are valid for charging impurities and defects. The calculated 

values for the crystallite size in both the in and out planes (i.e., D and L values) and the observed 

ID/IG ratio showed that rGO had more formed sp2 domains in smaller sizes than GOs. As a 

result, the rGO computed defect density (nD) was enormous, which encouraged the emergence 

of additional defects. 

 

Following the transformation of GOs to rGO, the average number of graphene layers and 

average sp2 crystallite size (L) drop from 15 to 3 and 17.33 nm to 14.75 nm, respectively 

(Kaushal A., et. al., 2019). Following reduction, the increased ID/IG ratio showed an increase in 

the number of sp2 domains along with an increase in defect density. 

 

1.5.4. X-Ray diffraction analysis 

For graphite, a single, sharp peak has been observed at 2θ = 26.34°. This peak determined the 

orientation at (002) and (FWHM = 0.34368) as well as the fine arrangement of the layered 

structure with 0.334809 nm d-spacing. The 2θ shifted to 10.24° for GOs, indicating that graphite 

had fully oxidized to become GOs (Kaushal A., et. al., 2019). Additionally, the interlayer 

distance of GOs was increased by 0.863 nm, with a d-spacing and (001) orientation. Inter-layer 

spacing was calculated using the following (equation 4): 

 

   2d sin θ = nλ………………………………………….…(4) 



xxxvi 
 

Where d = Interlayer spacing, θ= Diffraction angle, n= Wavenumber, and λ= Wavelength of           

X-ray source. 
 

The presence of a broad peak for rGO at 2θ = 24.10 suggested that the crystal phase was 

arranged at (002). The d-spacing of rGO was decreased by the elimination of functional groups 

that contained oxygen. The band of disordered carbon materials, visible at 2θ = 42.60° with 

(100) orientation, was revealed by a second, less intense peak.  

 

The Debye-Scherer equation (equation-5) provides the average crystallite width (D) within the 

graphene maintenance: - 

   D = k λ / β cos θ…………………………………………(5) 

where, for spherical crystals with cubic unit cells, K=0.89 (a parameter associated with 

crystallite shape), θ = half diffraction angle, and β = full peak width of the diffraction peak at 

half maximum height (FWHM).  

 

Similarly, the size of an in-plane crystallite (L) can be obtained from (equation 6) 

L = 1.84 λ / β cos θ………………………………………(6) 

It has been observed that the average crystallite size in rGO is smaller than in GOs (D ~ 118 Å; 

L ~ 301.3 Å). This demonstrated the foundation of more lateral defects and the shrinkage of 

graphene regions, which were caused by the exclusion of graphene layers during reduction. 

Debye-Scherer and Bragg's equations can be combined to get the expression for n (equation 7), 

which can be used to determine the average number of graphene layers (n) per region from the 

broadening of the peak by XRD. 

n = D / d + 1 = 2k tan θ + 1 ………………………… …(7) 

 

 

1.5.5. Morphology analysis using TEM 

The morphology of chemically oxidized-reduced graphene was analyzed using Transmission 

Electron Microscopy (TEM), and it was found that there were defect-free areas where carbon 

atoms are chemically sp2 bonded with three neighboring carbon atoms to form a nanoscale 

graphene sheet (Navarro G. C., et. al., 2010). TEM image can explain the area percentage of 

graphene, defect-free sp2 graphene, and defective area occurred during oxidation reduction 

process in GOs and rGO (Erickson K., et. al., 2010). 

 

 1.5.6. Scanning tunneling spectroscopy (STS) study 
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According to the Scanning Tunneling Spectroscopy (STS) investigation of GOs and rGO, the 

GO sheets are 1-1.2 nm thick and get thinner upon reduction. The rGO revealed a spectrum of 

band structures, whereas the GO’s band gap was discovered to be in the region of 0.8 eV. 

Because rGO possesses a non-zero band gap, unlike graphene, it opens up a new area of 

research on atomically thin layers of carbon (Kumar P., 2019).  

 

1.6. Application of GOs and rGOs 

The applications of GOs and rGOs are vast and diverse due to their unique chemical, electrical, 

and physical properties. In spite of huge unexplored field of application, a short but very 

important fields of application are explained here with an overview across various fields- 

 

1.6.1. Removal of organic dyes 

The textile industry uses a lot of extremely harmful chemicals for sizing, softening, desizing, 

whitening, dyeing, and finishing at different points in the process (Kishor R., et. al., 2021). 

Apart from the textile industry, other industries that can release dyes and heavy metals include 

mining, food additives, papers, plastics, pharmaceuticals, paints, electroplating, batteries, and 

other industrial, medical, and agricultural sectors (Adel M., et. al., 2022). Among the textile 

chemicals, dyes are considered one of the most toxic chemicals (Lellis B., 2019). The majority 

of dyes are long-lasting, and do not decompose spontaneously (Forgacs E., et. al., 2004). 

Treatment with roughly 2% of the untreated dyes gets into the effluent, which seriously pollutes 

the environment (Foo K. Y., et. al., 2010). Human health is impacted by wastewater that 

contains dyes because the textile industry produces a lot of wastewaters that is brightly colored 

and contains a variety of persistent contaminants (Al-Tohamy R., et. al., 2022).  

 

Dye staffs are extremely stable to light and other environmental factors and do not break down, 

penetrate waterbodies, lower dissolved oxygen levels, have an impact on aquatic ecosystems, 

and ultimately endanger life. In addition to causing sneezing, asthma, and skin irritation, dyes 

damage the human immune system. Therefore, it is crucial to remove these compounds from 

wastewater before disposal (Hassaan M. A., et. al., 2017). According to Uddin M. T., et. al., 

about 10% of the dyes, which are extremely poisonous and carcinogenic, are released into water 

(Uddin M. T., et. al., 2009). Additionally, dyes alter the color of water, preventing sunlight from 

reaching aquatic plants, disrupting their ability to photosynthesize, and resulting in an 

unbalanced aquatic ecosystem (Thakur K., et. al., 2019). Thus, these dyes ought to be 
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eliminated in light of the potential for environmental toxicity and harm to public health.  But 

without any prior treatment, textile dyes are released as wastewater and effluent into aquatic 

habitats such as lakes, rivers, streams, and ponds, constituting a major ecotoxicological risk and 

having toxic effects on living things (Parmar S., et. al., 2022).  

 

Therefore, one of the main areas of applied science study has been finding a practical and 

efficient way to remove dyes from wastewater. One crucial area of fundamental and applied 

study is the adsorption of different dyes to reduce industrial effluent contamination. It is crucial 

to find new, affordable, and effective materials for dye removal. Over the years, a number of 

dye removal methods have been developed, including membrane separation, ion exchange, 

coagulation/ flocculation, and even biological procedures (Mahmoudian M., et. al., 2021). 

Numerous of these methods have drawbacks, including high energy usage, intricate designs, 

and lengthy operating procedures. Among these techniques, adsorption stands out as one that 

may be helpful because it is inexpensive, straightforward, and simple to use (Gisi D. S., et. al., 

2016). Researchers have discovered a new method to enhance the existing solutions in 

wastewater treatment processes as a result of advancements in nanotechnology and the use of 

nanomaterials (Ali M. E., et. al., 2020).  

 

Many outstanding evaluations that have been published to date demonstrate that graphene-

based nanoparticles can be used to remove toxic pollutants from wastewater. Nevertheless, most 

of these evaluations focus on a single pollutant class or are limited to a certain type of material 

or adsorbent. 

 

The application of graphene-based materials has spurred studies at the nexus of various sectors, 

particularly environmental restoration, with an emphasis on the basic studies of graphene-based 

nanoparticles for wastewater management, by focusing on the challenges facing future research. 

Multiple fields of study have experienced a revolution as a result of the multiple uses of 

graphene-based nanomaterials. Because of its many benefits, including a very high theoretical 

surface area and special physical characteristics (like high mechanical strength and electrical 

and thermal conductivity), graphene, a novel carbon-based nanomaterial, is attracting a lot of 

attention (Novoselov K. S., et. al., 2012), (Hossain M. N., et. al., 2017). Like graphene, GOs 

are a monolayer of carbon atoms arranged in a honeycomb pattern. Its two-dimensional planar 

structure aids in the processes of charge transfer (Amiri M., et. al., 2017).  
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A large number of oxygen-containing functional groups, including carboxyl, hydroxyl, and 

epoxide groups, are also present in GOs, giving it a generally hydrophilic and negatively 

charged surface (Björk J., et. al., 2010). Because of its special qualities, graphene is a great 

option for organic pollutants removal from water through adsorption and catalysis (Khaliha S., 

et. al., 2021), (Mantovani S., et. al., 2021), (Lombardi L., et. al., 2022). Because of their 

functional groups and huge specific surface area, GOs and rGO, which are derivatives of 

graphene, have enhanced adsorption capabilities (Mantovani S., et. al., 2021), (Mantovani S., 

et. al., 2023). Organic pollutants can be efficiently captured by these nanomaterials via 

hydrogen bonding, π-π stacking, and other interactions.  

 

Additionally, GOs can be readily functionalized by a variety of treatments to change the 

functional groups and achieve the required surface characteristics. Because of their physical 

and chemical characteristics, graphene and other carbon materials can be employed to create 

membranes. For instance, because of its high surface area, oxygen-containing groups, and 

mechanical durability, GOs are used as a membrane material (Zeng H., et. al., 2020). In recent 

years, GOs and rGOs, two graphene-related materials, have been widely produced and 

employed in a wide range of applications (Sanchez V. C., et. al., 2012). In addition to cationic 

and anionic dyes, Wang et al. studied the adsorption of a neutral dye called acridine orange 

(AO) (Wang H., et. al., 2016). They created an MGSi/GOs composite by coating a GOs sheet 

with calcium silicate, following the deposition of Fe3O4 nanoparticles. Up to 193.05 mg/g may 

be adsorbed by these nanocomposites.  

 

A different study (Wanag A., et. al., 2017) demonstrated that when the number of C=O groups 

decreased, magnetic graphene nanoparticles (Fe3O4@GNs) had a greater capacity for MB 

adsorption. As anticipated by the pseudo-second-order model, the kinetics data showed that MB 

dye and Fe3O4@GNs underwent chemisorption through π-π interactions (Hartono T., et. al., 

2009). The adsorption behavior of cationic dyes on GOs has only been reported twice recently 

(Bradder P., et. al., 2011), (Yang S. T., et. al., 2011), and the interactions between the adsorbent 

and the adsorbate have not been thoroughly examined.  

 

The functional groups and the multilayer structure of EGO (Jeong H. K., et. al., 2008) might 

help the dye adsorption. In their 2020 study, Mao B., et. al., found that employing GOs, the dye 



xl 
 

(Methylene blue) removal efficiency by almost 99.0% was achieved (Mao B., et. al., 2020). 

Additionally, their investigation has demonstrated that GOs is the most effective adsorbent 

among the materials examined in this study; its maximum adsorption capacity for MB and RhB 

was 403.3 mg/g and 686.6 mg/g, respectively, demonstrating its exceptional adsorption ability. 

rGO is a promising material for the removal of 1-naphthol from water, according to (Ali M. M., 

et. al., 2014).  

 

It was reported in their study that EGO and rGO can act as good adsorbents for cationic and 

anionic dyes from aqueous solutions, respectively (Ramesha G. V., et. al., 2011). While EGO 

shows removal efficiency of up to 95% for cationic dyes, the removal efficiency is negligible 

for anionic dyes. This is in parallel with the charge-based interactions between EGO and the 

adsorbates. The removal efficiency in the case of rGO is 95% for anionic dyes, while it is 50% 

for cationic dyes. According to a study by Mahmudunnabi (Mahmudunnabi D. M., et. al., 

2024), produced rGO that showed a high adsorption ability towards anionic dye Tarques Green-

N (TGN) with a qmax of 588.24 mg/g at a pH of 7.0. The adsorption of TGN on rGO was found 

to follow pseudo-second-order kinetics and the Langmuir model. A study demonstrated a 

powerful nano-adsorbent photocatalyst for the effective degradation of organic dyes by rGO 

250 (Sha S. M., et. al., 2024). Then, rGO-250 obtained the best photocatalytic degradation 

(36.28% for IC and 25.73% for NR) and adsorptive removal (29.26% for IC and 25.23% for 

NR) of dyes, demonstrating that the primary causes were narrowing of the band gap and 

increased surface area. After performing the reaction up to five times, rGO-250 was able to 

destroy over 90% of dyes, demonstrating its great stability and reusability.  

 

Thus, GOs have proven to be an extremely effective adsorbent for the removal of 

cationic dyes as well as for the separation and recycling of mixed cationic and anionic dyes. 

Additionally, it implies that GOs may be utilized in the treatment of industrial wastewater to 

successfully eliminate dangerous dyes, which are frequently connected to the food, paper, 

cosmetic, and textile industries (Shirazi E.K., et. al., 2020). 

 

1.6.2. Removal of heavy metals using GOs and rGOs 

Numerous studies have demonstrated the effectiveness of GOs and rGO in removing various 

heavy metals from wastewater. The following sections highlight key findings from recent 

research. Copper is a common heavy metal pollutant found in industrial wastewater. Previous 
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researchers showed that rGO exhibited a high adsorption capacity for Cu²⁺ ions, achieving 

removal efficiencies of up to 97.94% (Wang B., et. al., 2012), (Ahmed S., et. al., 2023). The 

study emphasized the importance of pH, with higher adsorption capacities observed at lower 

pH levels due to increased electrostatic attraction.  

 

Lead is another toxic heavy metal that poses serious health risks (Guo T., 2023). A study by 

Pourbeyram, S., et. al., demonstrated that a GO-Zirconium Phosphate nanocomposite 

effectively removed Pb²⁺ ions from aqueous solutions, achieving high adsorption rates due to 

the synergistic effects of both materials (Pourbeyram S., et. al., 2016). The functional groups 

on GOs played a crucial role in binding lead ions, highlighting the importance of material design 

in enhancing adsorption performance. Cadmium is known for its toxicity and persistence in the 

environment. Research conducted previously revealed that GOs could efficiently adsorb Cd²⁺ 

ions, with the adsorption process being influenced by factors such as contact time, initial 

concentration, and temperature (Ahmed S., et. al., 2023), (Guo T., et. al., 2021). The study also 

noted the potential for magnetic separation, which could simplify the recovery of the adsorbent 

after treatment.  

 

Mercury is a highly toxic heavy metal that requires effective remediation strategies. A study by 

Awad et al. demonstrated that partially rGO functionalized with 2-Imino-4-thiobiuret exhibited 

high selectivity and efficiency for the removal of Hg²⁺ ions from polluted water (Awad F., et. 

al., 2017). The functionalization process significantly enhanced the binding affinity of the 

adsorbent for mercury, showcasing the potential of tailored graphene-based materials for 

specific applications. In conclusion, the application of GOs and rGO for the removal of heavy 

metals from wastewater represents a promising approach to addressing water pollution. Their 

unique properties, including high surface area, ease of functionalization, and recyclability, 

make them effective adsorbents for various heavy metals. Ongoing research continues to 

explore the optimization of these materials and their integration into practical wastewater 

treatment systems, paving the way for sustainable and efficient solutions to heavy metal 

contamination. GOs were synthesized through the pyrolysis of biomass, and Cr3+ was 

efficiently removed with a qmax of 74.79 mg/g with 54.21% efficiency (Zohra F. T., et. al., 

2022).  

 

1.6.3. Supercapacitor application 



xlii 
 

Supercapacitor behavior of GOs with ionic liquid was also investigated, and it was found that 

the GOs exhibit the greatest supercapacitor performance in an ionic liquid (Jadhav S. T., et. al., 

2013). The specific capacitance of GOs in ionic liquid was 290F/g, and the CV curves were not 

changed with increased scan rate, which indicated the good high-rate capability. The 

supercapacitance of the areal GOs and rGOs is 99.3 μF/cm2 and 556.7 μF/cm2, respectively, at 

the scan rate of 0.1 V/s. Therefore, rGO shows a better capacitive behavior than GOs (Rai S., 

et. al., 2018). With the increase of scan rate, the capacitance of GOs increases, but that of rGO 

decreases. 

 

1.6.4. Nanomedical applications 

Graphene and GOs toxicity and biocompatibility have shown several aspects that affect how 

they behave in biological systems. The toxicity of these nanomaterials has been demonstrated 

to be size- and dose-dependent in both in vitro and in vivo investigations (Aleksandrzak M., et. 

al., 2016). The quantity of oxygen-containing functional groups on the surface of GOs or rGO 

is another important factor. Because of the interaction between O-groups and blood cells, 

graphene is more biocompatible than GOs according to blood toxicity studies. Enhancing GO's 

biocompatibility by functionalization has been accomplished using a variety of compounds, 

including PEG, PVK, dopamine, heparin, and amine modifiers. Because GOs increase the 

cytotoxic effect of medications. Biocompatible polymers like PEG, chitosan, dextran, and poly 

(ethylene imine) are the most often utilized materials, particularly for targeted drug delivery 

systems. By functionalizing the nanocarrier with receptors like peptides, antibodies, and other 

ligands, this is made possible. Nanocarriers smaller than 100 nm have the potential to improve 

anticancer activity and the therapeutic effect. 

1.6.5. Carbocatalytic activity of GOs and rGO 

Because of their wide availability, ease of surface modification, non-toxicity, various surface 

features, ease of purification, and financial benefits, carbon nanomaterials, particularly GOs 

and carbon dots, are crucial for heterogeneous catalysis (Majumdar B., et. al., 2018). The π-π* 

network allowed GOs to exhibit Carbocatalytic activity towards several organic conversions, 

and the presence of oxygenated functional groups on the GOs surface also increased catalytic 

activity. Additionally, GO's oxygenated functional groups increase the reaction's analyzability. 

For a number of oxidation and acid-catalyzed processes, oxygenated functional groups served 

as the active site. Other active catalysts for the reduction of metal and metal oxide nanoparticles 

could be anchored by different oxygenated functionalities on the GO's surface. 
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1.6.6. GOs and rGO nano-composites with polymers 

GOs and rGO were made composite with poly(3-hydroxythiophene), and the optoelectronic 

properties of both the composites were measured to understand the charge transfer process. The 

energy gap between HUMO and LOMO of the composites was diminished by the reduction 

process (Zheng F., et. al., 2015). rGO-polymer nanocomposites were prepared using thermal 

annealed rGO with polyazomethine by the solvent casting method in dimethylformamide 

(Kostromin S. V., et. al., 2019). The solution conductivity dependence on rGO composition at 

different temperatures, and in both cases, the conductivity increased with rGO composition and 

solution temperature. 

 

GOs were used to make a nanocomposite with Hytrel, a kind of polyester-based thermoplastic 

polymer, and their effect on its thermos-mechanical and physicochemical properties was 

studied (Pandey N., et. al., 2021). The thermal stability and mechanical properties of GO/HTL 

nanocomposites were increased with increasing GO content. The composites have a valuable 

improvement in tensile strength (139%) and storage modulus (72%) for the HTL composite 

containing 5 wt% GOs. The incorporation of GOs into HTL polymer shows enhancement in 

thermal and mechanical properties due to the presence of the strongest noncovalent interaction 

(π–π* stacking) between the interface of the nanocomposite. 

 

The impact of functionalized-GOs or GOs on the manufactured copolymer product and on the 

in-situ bulk radical copolymerization method of their nanoscopic materials based on n-butyl 

methacrylate and styrene was investigated. Lower initiator efficiency was the initial observation 

attributed to side reactions between the hydroxyl groups on the surface of GOs and the initiator 

primary radicals (Tsagkalias I. S., et. al., 2019). Composites of linear low-density polyethylene 

(LLDPE) polymer were formed with higher surface area (C-GNP, 300-500 m2/g) and lower 

surface area (M-GNP, 120-150 m2/g) graphene nanoplates to observe the effect of their surface 

area on composite properties (Khanam P. N., et. al., 2016). Due to higher surface area C-GNP 

composite acquired a more brittle morphology than the M-GNP, resist a melt flow index 43% 

to 35%, a low increase in thermal conductivity 31% to 92%, higher increase in electrical 

conductivity of 4.28 X 10−5 S/cm than 1.1X10−7 S/cm, respectively. 

 

1.6.7. GOs and rGOs in polymer membranes  



xliv 
 

Polysulfone-GOs mixed matrix membranes were prepared using GOs, which showed enhanced 

performance of the nanofiller of mixed matrix membranes with polysulfone (PSf). Composite 

membrane exhibited improved water flux (up to 2.7 times) and oil rejection than the control 

PSf sample. Composite with GOs produced by Staudenmaier methods showed better 

performance than the Hummer’s and Tour methods in the separation of oil-water emulsion (Yu 

Y., et. al., 2020). (Sali S., et. al., 2019). 

 

1.6.8. Antimicrobial activity of GOs and rGOs  

GOs and rGO have garnered significant attention due to their remarkable physicochemical 

properties, including large surface area, tunable surface chemistry, and biocompatibility. These 

features make GOs and rGO particularly attractive for various applications, including 

antimicrobial agents. Given the rise in antimicrobial resistance, developing novel materials like 

graphene derivatives to combat bacterial, fungal, and viral infections is a pressing need. This 

review explores the antimicrobial mechanisms of GOs and rGO, compares their effectiveness 

against various pathogens, and discusses the influence of surface modifications and 

nanocomposites in enhancing their antibacterial performance. 

 

One of the most well-documented mechanisms of antimicrobial activity in GOs and rGO is the 

physical disruption of microbial cell membranes. The sharp edges of GOs nanosheets can 

penetrate and disrupt bacterial cell walls, leading to cell death. In a study by it was demonstrated 

that direct contact with GOs and rGO nanosheets caused membrane damage in Escherichia coli, 

resulting in cell lysis (Liu S., et. al., 2011). The study proposed a three-step antimicrobial 

mechanism involving initial cell deposition, membrane stress due to the interaction with the 

sharp edges of graphene sheets, and subsequent cell death due to membrane disruption. 

Similarly, GOs exhibited strong antimicrobial activity against both bacterial and fungal 

pathogens, causing local perturbation of the cell membrane and leakage of cellular contents 

(Chen J., et. al., 2013). The study showed that GOs wrap around the pathogens, causing 

significant membrane disruption, ultimately leading to cell death. In addition to physical 

damage, oxidative stress plays a crucial role in the antimicrobial action of GOs and rGO. GOs 

sheets can generate reactive oxygen species (ROS), which damage cellular components such as 

lipids, proteins, and DNA, leading to microbial death. Gurunathan et. al. demonstrated that GOs 

and rGO induce the production of superoxide anions in Pseudomonas aeruginosa, which 

contributed to oxidative damage and cell death (Gurunathan S., et. al., 2012). Interestingly, 
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some studies suggest that oxidative stress mechanisms may not always involve ROS. For 

instance, Alayande et. al. reported that the antimicrobial activity of rGO-CuO nanocomposite 

films was not dependent on ROS production. Instead, the bacterial inactivation was attributed 

to direct interactions with the bacterial cell membrane and the inherent properties of copper 

oxide combined with rGO (Alayande A. B., et. al., 2019). 

 

In addition to physical and oxidative damage, graphene-based materials can entrap bacterial 

cells, preventing their proliferation. Perreault F., et. al., showed that larger GO sheets trapped 

bacteria, preventing their replication and effectively inactivating them (Perreault F., et. al., 

2015). While the cell entrapment was reversible by mechanical means such as sonication, it still 

provided a temporary antimicrobial effect. The study emphasized that smaller GO sheets are 

more effective when applied as surface coatings due to their higher defect density and greater 

oxidative potential.  

 

GOs and rGOs are particularly effective against gram-negative bacteria, including Escherichia 

coli and Pseudomonas aeruginosa. The outer membrane of gram-negative bacteria makes them 

more susceptible to the physical disruption caused by graphene sheets. Studies have 

consistently demonstrated significant antibacterial activity of GOs and rGO against E. coli, with 

membrane damage being the primary mechanism (Wanag A., et. al., 2017). Pseudomonas 

aeruginosa, a pathogen known for its resistance to many antibiotics, is also highly susceptible 

to GOs and rGO. Gurunathan et. al. demonstrated that both GOs and rGO exhibited dose-

dependent antibacterial activity against P. aeruginosa, with increased production of ROS and 

loss of cell viability (Gurunathan S., et. al., 2012). 

Though gram-positive bacteria possess a thicker peptidoglycan layer, GOs and rGO still exhibit 

significant antimicrobial effects against these microorganisms. Studies have shown that 

Staphylococcus aureus, a common Gram-positive bacterium, is effectively inactivated by GOs 

and rGO, particularly when combined with other materials like copper oxide or titanium 

dioxide. In a study by Wanag et. al., rGO-modified TiO2 showed enhanced photocatalytic 

activity against S. aureus, leading to complete bacterial inactivation within 75 minutes of 

exposure to artificial solar light (Wanag A., et. al., 2017). The antimicrobial activity of 

graphene-based materials is not limited to bacteria. Chen J., et. al., demonstrated that GOs could 

inhibit the reproduction of fungal pathogens such as Fusarium graminearum and Fusarium 

oxysporum. The study found that GOs caused partial cell swelling and lysis in fungal conidia, 
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suggesting that the material interacts with fungal pathogens similarly to its interaction with 

bacteria (Chen J., et. al., 2013). In light of growing antibiotic resistance, one promising avenue 

for the application of GOs and rGO is in combination with antibiotics. Studies have shown that 

graphene derivatives can enhance the efficacy of conventional antibiotics. Butler et. al. 

demonstrated that GOs, when combined with ciprofloxacin, showed additive antimicrobial 

effects against multidrug-resistant pathogens such as Enterococcus faecium and Klebsiella 

pneumoniae (Butler J. A., et. al., 2020). This synergistic effect is highly promising for the 

development of new antimicrobial therapies to overcome resistance. 

 

1.6.9. Biocompatible graphene 

The effects of GOs on mice and human fibroblast cells were investigated in order to determine 

the biocompatibility of GOs (Kiew S. F., et. al., 2016). GOs with low dose administration less 

than 20 μg/mL did not exhibit toxicity to human fibroblast cells, but the doses of more than 50 

μg/mL exhibited obvious cytotoxicity. In the case of mice dose of 0.25 mg did not exhibit 

obvious toxicity high dose of 0.4 mg/mL exhibited chronic toxicity, such as 4/9 mice died and 

lung granuloma formation, mainly located in the lung, liver, spleen, and kidney, almost could 

not be cleaned by the kidney. The biodegradation of GO sheets was experimented with using 

myeloperoxidase (hMPO) produced from human neutrophils in the presence of a small amount 

of hydrogen peroxide (Kurapati R., et. al., 2015). hMPO fails in degrading the most aggregated 

GOs, but succeeds in completely metabolizing GOs that were highly dispersed due to 

hydrophilicity, negative surface charge, and colloidal stability of the aqueous GOs in their 

biodegradation by hMPO catalysis. 

 

1.6.10. Environmental applications 

The potential of GOs and rGO in environmental remediation is particularly notable. Their high 

surface area and reactivity allow for effective adsorption of heavy metals and organic pollutants 

from water. For instance, GOs have been shown to effectively adsorb heavy metals such as lead 

and arsenic, with studies indicating that they can be regenerated for multiple cycles, retaining a 

significant portion of their adsorption capacity (Felshia S. C., et. al., 2023). GOs have been 

shown to effectively remove high concentrations of formaldehyde in alkaline media. Notably, 

GOs can adsorb 411 mg of formaldehyde per mg of material. After this process, the used GOs 

can be reduced to rGO and further reutilized as an energy storage material, showing high 

double-layer capacitance for supercapacitors (Liang H., et. al., 2014).  Moreover, GOs can serve 
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as a support material for catalysts in environmental remediation. When combined with iron 

oxide (Fe3O4), GOs is used to create composite microjets that are effective in catalyzing the 

degradation of methylene blue dye. These microjets offer a magnetically recoverable and 

reusable option for organic dye degradation, making them an efficient tool for water purification 

(Shi H., et. al., 2020). 

 

Similarly, rGO composites have demonstrated effective reuse in removing contaminants, 

maintaining structural integrity and adsorption capacity even after several cycles of use (Zhang 

Y., et. al., 2011). In the context of organic pollutant removal, reported that GO-based aerogels 

could retain over 90% of their initial adsorption capacity after five cycles of methylene blue 

dye removal, showcasing the economic and environmental benefits of reusing these materials 

(Jin Y., et. al., 2022). Additionally, rGO's hydrophobic properties make it suitable for oil spill 

cleanup, with studies indicating that rGO-based membranes can be regenerated with minimal 

loss of adsorption capacity (Felshia S. C., et. al., 2023), (Zhang Y., et. al., 2011). 

 

1.6.11. Application in energy storage devices  

The reusability of GOs and rGO is also critical in energy storage applications. rGO, in 

particular, has been extensively studied for its application in supercapacitors and lithium-ion 

batteries. rGO derived from GOs via thermal reduction shows improved performance as an 

anode material in lithium-ion batteries and supercapacitors. A study demonstrated that rGO 

annealed at 400 °C exhibited a reversible charge capacity of 1220 mAh/g, making it ideal for 

high-capacity energy storage (Kim J. M., et. al., 2014). Zhu Y., et. al., demonstrated that rGO-

based supercapacitor electrodes could be reused after regeneration, showing minimal 

degradation in capacitance even after 1000 charge-discharge cycles (Zhu Y., et. al., 2010), 

(Zhang Y., et. al., 2011). Similarly, rGO-coated anodes in lithium-ion batteries could be reused 

effectively, maintaining excellent capacity retention after multiple cycles were found (Zhang 

Q., et. al., 2023).  Also, rGO shows promise for hydrogen storage, a critical factor in the 

development of clean energy technologies. When reduced thermally, rGO demonstrates an 

optimal pore size for hydrogen storage, with capacities reaching 5 wt%. This performance is 

comparable to advanced hydrogen storage materials, making rGO a viable candidate for future 

energy applications (Kim J. M., et. al., 2014). 

 

1.6.12. Application in catalysis  
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In catalysis, GOs and rGO serve as effective catalysts or supports for various reactions. GO's 

functional groups enable it to act as a catalyst in oxidation reactions, retaining most of its 

catalytic activity after multiple cycles (Felshia S. C., et. al., 2023).  rGO, on the other hand, is 

often used as a support material for metal nanoparticles, enhancing catalytic efficiency (Gupta 

V. K., et. al., 2009). Reported that an rGO-supported palladium catalyst shows activity and 

selectivity after five reuse cycles, underscoring the durability of rGO in catalytic applications 

(Zhang Y., et. al., 2011). 

 

1.6.13. Biomedical applications  

In biomedical fields, the ability to reuse GOs and rGO is crucial for reducing waste and costs 

associated with medical treatments. GO's functionalization capabilities make it an ideal 

candidate for drug delivery systems, where it can be regenerated for multiple cycles of drug 

loading and release without significant loss of efficiency (Zhang Y., et. al., 2011). Furthermore, 

rGO-based biosensors show the ability to be washed and reactivated for multiple uses, retaining 

sensitivity and specificity, which is essential for sustainable diagnostic tools (Felshia S. C., et. 

al., 2023).  

 

1.7. Challenges and future directions  

Despite the promising applications of GOs and rGO, challenges remain regarding their long-

term reuse. Material degradation over multiple cycles can lead to reduced performance, 

particularly in energy storage and catalytic applications (Dreyer D. R., et. al., 2010). Studies 

have reported that rGO's performance might degrade due to incomplete reduction or defect 

formation during regeneration processes (Long J., et. al., 2012). Techniques such as microwave-

assisted reduction and green reduction methods are pushing the boundaries of scalable 

production. However, further advancements are needed to reduce production costs and 

environmental impact while maintaining the high quality of rGO (Xie X., et. al., 2019). As the 

functionalization of GOs and rGO evolves, future research should focus on tailoring the oxygen 

functional groups to optimize material properties for specific applications. This would further 

enhance the performance of GOs and rGO in energy storage, catalysis, and environmental 

remediation (Kuo S., et. al., 2013). Future research should focus on developing robust 

regeneration techniques that minimize these issues while maintaining the functional integrity 

of GOs and rGO. 
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1.8. Limitations for the synthesis of GOs and rGOs 

The synthesis of GO and reduced rGO has been a subject of extensive research due to their 

unique properties and potential applications. However, several limitations exist in the synthesis 

processes that affect the quality, scalability, and functionality of these materials. This literature 

review discusses the key challenges associated with the synthesis of GOs and rGO. One of the 

critical limitations in the synthesis of rGO is the use of toxic reducing agents, particularly 

hydrazine, which is efficient but harmful to both human health and the environment. Hydrazine 

has been the preferred choice due to its ability to restore the properties of graphene effectively. 

Still, its toxicity makes it unsustainable for large-scale production (De Silva K. K., et. al., 2017). 

Consequently, alternative green reductants, like ascorbic acid, have been explored. However, 

they tend to be less effective, leaving behind more oxygen functional groups, which negatively 

affects the electrical conductivity and other key properties of rGO (Khan J., et. al., 2021) (Khan 

J., 2021). 

 

Another major challenge in rGO synthesis is the incomplete reduction of GOs. Despite the use 

of various chemical or thermal reduction methods, oxygen-containing functional groups often 

remain attached to the graphene sheets. These functional groups prevent the material from fully 

regaining its pristine electrical and mechanical properties. Studies suggest that even mild 

thermal treatment followed by chemical reduction can only remove around 47% of the oxygen 

functional groups (Lopez M. L, et. al., 2017). This partial reduction affects the material's 

performance in applications such as supercapacitors and other electronic devices, where the 

electrical properties of the graphene are critical.  

 

One of the primary limitations in the synthesis of GOs and rGO is the introduction of impurities 

during the oxidation process. Jalili R., et al, highlight that the oxidation of graphite can 

introduce various contaminants, which can adversely affect the performance of graphene-based 

devices (Jalili R., et. al., 2018). The presence of silicon, as identified in their study, is a common 

contaminant that arises from the reagents used during synthesis. This contamination can lead to 

significant deviations in the expected electronic and mechanical properties of the resulting 

graphene derivatives. Furthermore, the synthesis methods often rely on high-purity graphite, 

which may not always be feasible or cost-effective for large-scale production (Jalagonia N., et. 

al., 2022). Traditional methods of producing GOs, such as Hummer’s method, involve the use 

of potassium permanganate (KMnO4), sulfuric acid (H2SO4), and sodium nitrate (NaNO3). 
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While efficient, this method produces hazardous byproducts, including toxic gases like nitrogen 

dioxide (NO2). Improved synthesis methods aim to eliminate these toxic emissions by 

modifying the reaction parameters (Daniela C. M., et. al., 2010), such as using a mixture of 

sulfuric acid and phosphoric acid, which is less hazardous but still produces waste that must be 

carefully managed (Marcano D. C., et. al., 2010). Hofmann et al. argue that existing methods, 

such as chemical vapor deposition (CVD) and chemical reduction of GOs, often yield graphene 

with limited functionalization and structural characteristics (Hofmann M., et. al., 2015). This 

restricts the applicability of the synthesized graphene in diverse applications.  

 

The inability to control the degree of reduction and the resultant properties of rGO is particularly 

concerning, as it can lead to inconsistencies in performance across different batches (Chua C. 

K., et. al., 2014). Moreover, control over the oxidation level remains a challenge, as over-

oxidation can damage the graphene structure, while under-oxidation leads to poor exfoliation. 

Scaling up the production of GOs and rGO while maintaining consistent quality poses another 

limitation. Parameters such as reaction time, temperature, and chemical concentrations need to 

be tightly controlled to ensure that large batches of graphene exhibit uniform properties. For 

example, studies have shown that reaction conditions, such as a temperature of 40 °C and a 

reaction time of 12 hours, result in a better oxidation degree of graphite into GOs (Emiru T. F., 

et. al., 2016). However, these conditions must be optimized for each specific application, which 

adds complexity to the manufacturing process. Moreover, (Kotsyubynsky V., et. al., 2021) note 

that while rGO can serve as a more affordable alternative to pure graphene, the large-scale 

production of high-quality graphene remains complex and expensive.  

 

The synthesis processes often require specialized equipment and conditions, which can be 

prohibitive for smaller companies or research institutions. Additionally, the methods employed, 

such as the modified Hummer’s method, can be hazardous and environmentally unfriendly due 

to the use of strong oxidizing agents (Nandakumar P., et. al., 2022). The reduction process itself 

also presents challenges. Discuss the various reducing agents available for the reduction of 

GOs, noting that while there are over 50 types, the choice of reducing agent can significantly 

affect the quality of the resulting rGO (Chua C. K., et. al., 2014). Inconsistencies in reduction 

can lead to variations in electrical conductivity and structural integrity, which are critical for 

applications in electronics and energy storage.  
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The reduction process may not completely restore the original properties of graphene, leading 

to materials that do not meet the desired specifications for high-performance applications 

(Eigler S., et. al., 2014). Chemical reduction often leaves behind chemical residues that affect 

the purity of the rGO. Thermal reduction requires high temperatures, which can damage the 

graphene structure. A combination of methods, such as chemical and thermal reduction, has 

been shown to improve efficiency, but achieving full reduction while retaining the material’s 

integrity remains a challenge (Gu C., et. al., 2013). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER-2 

 

 

Synthesis of Graphene Oxides with Higher Oxygen 

to Carbon Ratios using Feed Acid Liquor Recycling 

Technique and Its Application for the Removal of     

Arsenic (III) from Aqua Solution 
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Abstract 

 

Graphene has recently drawn exponential attention due to its surprising physicochemical 

properties and diversified field of applications. Although GO itself is an exclusive material, it 

is also an intermediate product for the production of rGO, graphene, and their derivatives, which 

are 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 
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for the five consecutive recycling and reuse were studied. 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 by 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 crystallizes 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, UV-Vis, 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, was investigated and 

correlated with the product yield. It was observed that the effect of temperature on the reaction 

rate was found to be negative and positive with the reaction time. The oxygen-to-carbon atomic 

ratio from XPS analysis was found to be 66.7%, which supported the increase in product yields 

of 66.9% in the experimental results. The effect of acid concentration, reaction temperature, 

and time on the GOs properties was satisfactory, correlated, and easily controllable with the 

reaction conditions. A higher extent of oxidation and enhanced product yields of 65-70% were 

observed at 60-70 ℃ 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. The synthesized GOs were applied for the removal of 

As(III) ions from water at pH 7.0. As the GOs contain 67% oxygen, they can adsorb 343.14 

mg/g of As(III) with 97.9% efficiency. 

 

 

 

Objectives 

 

From the literature review, it is clear that the main purpose of the chemical oxidation and 

reduction process is to exfoliate graphite layers into graphene sheets, and the degree of 

exfoliation is proportional to the degree of oxidation. The main objective of this research is to 

achieve higher oxygen containing GOs with lower production costs. So, the objectives are- 

 

i) to synthesize Graphene oxide (GOs) with enhanced oxygen-to-carbon ratios following 

Tour’s method. The effects of reaction temperature and time will also be evaluated, and 
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the optimum reaction conditions for the higher oxygen to carbon ratios will be 

established. 

ii) to study the effect of recycling and reusing of feed acid liquor (FAL) in GO synthesis, 

and the changes in the properties of recovered FAL, and the synthesized GO will be 

studied. 

iii) Application of GOs for the removal of Arsenic (III) from aqueous solution. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.1. 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 (Geim, et. al., 2007), (Novoselov, et. al., 2004). Chemically, graphene was 

observed as a two-dimensional nanomaterial, and it contains single and multi-layers of carbon 

atoms arranged as a honeycomb lattice that is held together by σ bonds, where most of the 
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carbon atoms preserve sp2 hybridization (Zhu Y., et. al., 2010), (Ray S., 2015). Generally, 2D 

graphene sheets are rolled into a 3D graphite structure. Thus, graphene sheets need to be 

separated from the graphite structure. Synthesizing GOs is one of the effective ways to separate 

graphene from graphite lattices. The typical process of graphene separation is done by oxidizing 

the graphene sheets to introduce oxygen into its lattice structure, followed by reduction of the 

GOs 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. (Chronopoulos D. D., et. al., 2017), (Pumera M., et. al., 2017), (Jankovský O., et. al., 2016). 

 

GOs have a wide variety of applications owing to their 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. (Zhang 

X., et. al., 2016). Recently, reduced GOs / rGOs are extensively used as a replacement for 

graphite owing to their enhanced charge storage properties and large surface area compared to 

graphite (Mao S., et. al., 2011), (Trung T. Q., et. al., 2014). GOs are also suitable for making 

transparent conductive films (Liu L., et. al., 2017), strong conducting papers (Yan J. X., et. al., 

2019), and ultra-light elastic aerogels (Pei S., et. al., 2018), (Peng L., et. al., 2015).  

 

Numerous fascinating applications based on the electronic, 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 (Ghann W. E., et. al., 2019), paper-like materials, filters for water and purification 

(Xu P., et. al., 2023), and as an ingredient of hybrid photo-catalysts in water splitting, nano-

filtration membrane (Han R., et. al., 2019) (Sali S., et. al., 2019), (Al-Gaashani R., et. al., 2019), 

(Poh H. L., et. al., 2012). Recently, GOs have been used to avoid friction in mechanical devices 

due to their self-lubricating properties (Hua Y., et. al., 2022). 

 

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 GOs and is 

followed by a reduction process (Ruoff R., et. al., 2008). The Hummer’s method, which is 

extensively employed for the chemical conversion of graphite to GOs, entails an initial 

oxidation step utilizing KMnO4, NaNO3, and H2SO4 at a significantly reduced temperature to 
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mitigate the risk of explosion (Offeman R. E., et. al., 1958). 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 

(Hummers W. S., et. al., 2015).  

 

The modified Hummer’s method provides comparatively better-desired properties in GOs than 

the Hummer’s method (Paulchamy B., et. al., 2015). 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 (Hou, et. 

al., 2018), (Khan F. U., 2019). 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 (Yu H., et. al., 2016). Synthesizing GOs in polar solvents 

enhances the conductivity of the GOs sheets (Zaaba N. I., et. al., 2017). 

 

This method was further improved by James M. Tour and is termed 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 (Marcano 

D. C., et al., 2018). A higher amount of oxygen-containing GOs can be obtained by this method 

than by other chemical methods (Al-Gaashani R., et. al., 2019). 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 (De Mendonça J. P. A., et. al., 2018). 

The Tour method underwent further enhancements with the incorporation of a pre-treatment 

procedure applied to the graphite raw materials before the oxidation stage. This modification 

led to notable enhancements in the properties of the synthesized GOs (Benzait Z., et. al., 2021). 

An effective condition for the preparation of few-layered GOs and rGO 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 
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(Xu S., et. al., 2017). In another study, GOs were alternatively synthesized from graphite using 

a low concentration of ozone at high temperature, which produced GOs with enhanced 

properties (Webb M. J., et. al., 2011). Moreover, the material is highly stable at slightly elevated 

temperatures. The exposure of GO materials and composites to very high temperatures initiated 

a degradation process that results in a change in color shade (Zhou S, et. al., 2013), (Khanam 

N. P., et. al., 2016).  

 

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 (Capaz R. B., 2022), (Zare P., et. 

al., 2021). To mitigate these difficulties, an effective method for electrochemical exfoliation of 

graphite was established (Liu F., et. al., 2019). This method reports a scalable, safe, and 

environmentally friendly approach with a high yield (Liu F., et. al., 2019), (Parvez K., et. al., 

2014). 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 speedy process (Parvez K., et. al., 2014). The GOs obtained by this method 

have similar properties to 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 to use KFeO4 instead of KMnO4 with concentrated H2SO4. This method not only 

minimizes environmental pollution but also reduces reaction times from several days/hours to 

only 1 hour. The products 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 (Sofer Z., et al., 2016), (Sabbaghan M., 2018). GOs are also 

synthesized by applying ultrasonication to reduce cost and impurities (Soltani T., et. al., 2017), 

(Ickecan D., et. al., 2017). GOs can be reduced using several reducing chemicals, such as 

ascorbic acid and hydrazine (Karim M. R., et. al., 2014).  

 

Economical and environmentally friendly synthesis methods of GOs are essential for industrial 

applications. Several studies have focused on developing economical and green synthesis 
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techniques for GOs and rGO. Green synthesis involves the use of natural and biochemicals such 

as plant extracts and biomass for the reduction and stabilization of rGO (Parthipan P., et. al., 

2021), (Chandu B., et. al., 2020). Although these methods are environmentally friendly, they 

are impractical in an industrial setting. Synthesis of GOs in the Hummer’s method, modified 

by the Tour method, is highly effective and applicable in an industrial environment. Among 

these methods, the Tour method of synthesizing GOs is industrially favorable, energy efficient, 

and eco-friendly (Ikram R., et. al., 2020), (Habte A. T., et. al., 2019). Moreover, oxygen the 

oxygen-to-carbon ratio of GOs are much higher in Tour’s method than in any other synthesis 

techniques. However, recycling and reusing the reagents for successive synthesis of GOs can 

increase their sustainability and add more value as an eco-friendly technique. To this date, very 

few studies have been reported on the successive use of chemical reagents for producing GOs 

with a high oxygen to carbon ratio. 

 

In this research, GOs have been synthesized by the oxidation of graphite using 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. 

 

 

 

 

 

2.2. Materials and methods 

 

2.2.1. Materials 

2.2.1.1. Materials used for the synthesis experiment of GOs 

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 
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grade orthophosphoric acid with purity 85% from Active Fine Chemicals Ltd., Dhaka, 

Bangladesh. 

 

2.2.1.2. Materials used for the application of synthesized GOs 

All reagents used in this study were of analytical grade to ensure precision and reliability. 

Sodium metaarsenite (AsNaO₂, ≥99% purity, Sigma-Aldrich, USA) was employed for 

preparing simulated arsenic-contaminated water. A stock solution of 2000 mL at a 

concentration of 100 ppm As(III) was prepared by diluting 200 mL of 1000 ppm of AsNaO₂ 

standard solutions to 2000 mL of deionized water, and the solution was stabilized using Nitric 

acid (HNO₃, analytical grade), 10.0mL 0.5 (M) solution before storing at 4 °C for subsequent 

experiments. The adsorption experiments were conducted using GOs, which were synthesized 

previously in the laboratory according to the published article (Hoque M. A., et. al., 2024) 

following a modified Hummer’s method. The material had a particle size range of 100 - 500 

nm. The pH of the solutions was carefully adjusted using Hydrochloric acid (HCl with purity 

37%), NaOH (≥97.0% ACS-grade pellets), reagent grade and AR grade hydrogen peroxide with 

purity 35% including Nitric acid, which were collected from Merck, Germany. These reagents 

ensured accurate control of the pH conditions necessary for the experiments. All experimental 

conditions and material specifications were selected to optimize the reliability and 

reproducibility of the results, thereby facilitating the evaluation of arsenic removal under 

controlled laboratory conditions. 

 

 

 

 

2.2.2. Instrumental methods 

The following instruments were used for the quantification and characterization of the samples. 

 

2.2.2.1. 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 added to a moisture-free Karl-Fischer 

reagent. The acquired data were expressed as percentages (Scholz E., 1984). 
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2.2.2.2. Measurement of anion content using ion chromatography  

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 FAL after each reaction. After adjusting the concentration to the calibration range, 

0.10 mL of the acids was diluted to 100 mL with distilled DI water and investigated for SO4
2– 

and PO4
3– ion concentrations. The results obtained are based on ppm units (Smith R. E., et. al., 

1987). 

 

2.2.2.3. Atomic absorption spectroscopy  

In the synthesis experiment, an atomic absorption spectroscopy (AAS) instrument was used for 

the determination of K+ and Mn2+ ion concentrations in H2SO4, H3PO4, fresh FAL, and 

recovered acid liquors, directly inserting the samples into the atomic absorption spectroscopy 

(Shimadzu, modes-7000, Japan). After adjusting the concentration to the calibration range, 0.10 

mL of the acids was diluted to 100 mL with distilled DI water and tested for K+ and Mn2+ ion 

concentrations. This instrument was also used for the quantification of Arsenic ions in water 

before and after adsorption by the GOs samples. It is a highly precise and accurate method for 

the quantification of metal ions in solutions. The solutions were made slightly acidic using a 

few drops of Nitric acid to prevent precipitation in the solutions. At first, a calibration curve is 

essentially made using the standard reference material, and the solution concentration is 

measured on the basis of the calibration curve. Install an arsenic-specific hollow cathode lamp 

and set the wavelength to 193.7 nm. Optimize lamp current, burner height, and slit width 

according to the manufacturer's guidelines. Configure the hydride generation system with 

sodium borohydride (NaBH4) as the reducing agent for producing arsine gas (AsH3). 

 

2.2.2.4. FT-IR spectroscopic analysis 

The structural characterization of the G and synthesized GOs was carried out by attenuated total 

reflectance-fourier transform-infrared spectroscopy FTIR-ATR (Frontier, PerkinElmer, 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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2.2.2.5. FT-Raman spectroscopic analysis 

The structural characterization of the G and synthesized GOs was carried out by attenuated total 

reflectance-fourier transform-Raman (FT-Raman) spectroscopy (MacroRAM, Horiba, France). 

The FT-Raman spectra were captured using a solid sampling prob 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 0-3500 cm-1 range at 4 cm-1 

spectral resolution with 6 scans per spectrum. 

 

 

2.2.2.6. UV-Visible spectroscopic analysis 

The absorbance of UV-visible light and the determination of the maximum absorbance (λ max) 

were carried out through the utilization of a PerkinElmer Lambda 35 instrument (USA) in the 

process of ultraviolet-visible spectroscopy (UV-Vis). 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. 

 

 

2.2.2.7. Particle size analysis using 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. 

 

 

2.2.2.8. Image analysis using SEM-EDX 

A 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 oC for 12 hours, and then it was placed inside the 

instrument for capturing the images using Scanning Electron Microscopy. The localized 

composition of the analyzed samples was found in Energy Dispersive X-Ray analysis. The 

images were analyzed using the ImageJ software. 
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2.2.2.9. Composition analysis using XPS measurement 

The X-ray photoelectron spectroscopic analysis of the samples were measured using XPS 

spectroscopy (K-Alpha, Bruker, USA). Properly dried powder samples were dispersed in 

isopropyl alcohol and dried on the copper plate to form a film. Then the sample was placed 

under ultrahigh vacuum in a nitrogen environment to remove atmospheric oxygen and volatile 

components. Then the sample was analyzed to measure the binding energy of the elements. 

 

 

2.2.2.10. Thermal properties analysis using STA measurements 

The thermal properties of graphene and GOs were determined using a simultaneous thermal 

analyzer (Brand: Netzsch GmbH, Model: Jupiter 449 F3, USA). The perfectly vacuum dried 

samples were undergone the thermal treatment experiment. Approximately 3.0 mg of the 

samples was loaded into an alumina crucible and then positioned in the furnace. The samples 

were subjected to heating from RT (25oC) to 950oC at a heating rate of 10 ℃ per minute, and 

the resulting thermogram were recorded along with TG simultaneously. 

 

 

 

 

 

 

 

 

 

2.2.3. GOs synthesis method 

There are several methods to synthesize GOs from graphite, among them Hummer’s method is 

very popular. Because this method provides GOs with a higher degree of oxygen. Modified 

Hummer’s method is becoming more popular by improving the properties and reducing the 

disadvantages. Here, the modified Hummer’s method, especially modified by Tour’s method, 

was carried out. The process is hassle-free, very safe, less toxic, and provides GOs with very 

high oxygen-to-carbon ratios. 

 

2.2.3.1. Synthesis of GOs using FAL recycling technique 
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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 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 

environment, the flask was subjected to a cooling process, resulting in a temperature lower than 

50 ℃. 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 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 obtaining the condition, the temperature of the reaction media was gradually 

raised by 10 ℃/h until 95 ℃. 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 overnight. To obtain the diluted mass, 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. 

Upon completion of the oxidation process, the GOs underwent a purifying step. The procedure 

entailed filtration utilizing Whatman filter paper number 1, followed by multiple rinses with 

distilled deionized water and further filtration. The filter cake thus obtained is a crude GOs 

product. 

 

 

 

2.2.3.2. Purification of crude GOs using acid wash 

The crude GOs product, containing a substantial quantity of salts generated during the reaction 

between KMnO4 and FAL, underwent a purification process to recover potassium and 

manganese salts as potential by-products. The GOs filter cakes, primarily composed of these 

salts, were also subjected to purification. Initially, the crude GO was washed with a 10% HCl 

solution while being stirred and heated to a temperature below 50 °C for 2 hours. Following 

this, the filter cakes were extensively rinsed with distilled, deionized water and centrifuged 8–

10 times to achieve a final solution with a neutral pH of approximately 7.0. This process 

effectively removed residual impurities, enhancing the quality and purity of the GOs product. 
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2.2.4. Application of synthesized GOs for the Adsorption of Arsenic (III) from aqua 

solution 

The synthesized GOs demonstrated effective adsorption of As(III) from water, owing to their 

high surface area and abundant oxygen-containing functional groups. Batch experiments 

revealed significant removal efficiency under optimized conditions, highlighting its potential 

as an eco-friendly and efficient adsorbent for arsenic remediation in water treatment 

applications.  

 

2.2.4.1. The adsorption principle 

The concentrations of As³⁺ ions in water were quantified using an AAS instrument, ensuring 

precise and reliable analysis. The Arsenic acceptable limit according to the WHO (the World 

Health Organization) guideline in drinking water is 5 µg/L. So, the calibration curve of 

standards was prepared with concentrations ranging from 0.05 to 5.0 mg/L by serial dilution of 

the As(III) stock solution using deionized water. The deionized water was prepared in the 

laboratory immediately before the experiment using a membrane technology-based instrument. 

To ensure all measurements fell within the calibration range, samples were appropriately 

diluted before analysis, and an internal standard with a concentration of 5 µg/L was 

incorporated to enhance analytical accuracy and reproducibility.  

 

The calibration curve and its linearity had to be obtained. This internal standard facilitated the 

monitoring and correction of potential variations during measurement. The optimized AAS 

method provided consistent and reproducible data, crucial for assessing arsenic removal 

efficiency in adsorption experiments under varying experimental conditions. By ensuring strict 

control of preparation and analysis procedures, this approach enabled the generation of reliable 

data to evaluate the performance of adsorbents and to understand the dynamics of arsenic 

adsorption in aqueous solutions.  

 

At a constant pH and constant temperature of the solution, for a certain amount of adsorbent, 

the rate of adsorption is directly proportional to the initial concentration and the contact time of 

the adsorption. To determine the adsorption rate of As(III) ions by the synthesized GOs 

adsorbent at different initial concentrations of As ions in water, the contact time was varied. 

The percentage removal of As(III) (%R) was calculated using Equation (8): 
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              R(%) = 
Co−Cf

Co
 × 100 --------------------------------------------(8) 

Where Co is the initial As(III) concentration (µg/L), and C𝑓 is the final concentration (µg/L) 

after treatment.  

 

This equation provided a direct measure of the adsorbent’s performance in removing arsenic. 

The adsorption capacity of the adsorbent (Qe) at equilibrium, expressed in µg/g, was determined 

using Equation (9): 

 

   Qe = 
(Co−Ce)×V

m
 --------------------------------------------(9) 

 

Where, Ce is the equilibrium concentration of As(III) (µg/L), V is the volume of the solution 

(L), and 𝑚 is the mass of the adsorbent used (g). These calculations enabled the evaluation of 

the adsorbent’s effectiveness under varying experimental conditions. 

 

 

The experimental setup and methodology were designed to provide detailed insights into the 

adsorption dynamics and equilibrium behavior of GOs. The study evaluated the impact of 

critical variables, including pH, initial As(III) concentration, contact time, and adsorbent 

dosage, on arsenic removal efficiency. By employing rigorous analytical techniques and 

ensuring replicability, the results offer a comprehensive understanding of the adsorption 

process, which can inform the optimization of conditions for effective arsenic remediation. 

 

 

 

2.2.4.2. Determination of calibration curve 

The data from Table 2.3 form the basis for the calibration curve, which plots the measured 

concentrations against the known concentrations of arsenic in the standard solutions. This 

calibration curve serves as a reference to quantify unknown arsenic concentrations in test 

samples. A linear relationship is observed in the data, as evidenced by the proportional increase 

in measured concentration with increasing standard concentration. The calibration curve for 

As(III) adsorption by GOs from water was determined using an atomic absorption 

spectrophotometer (AAS). The calibration data provide the relationship between known arsenic 
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concentrations in standard solutions and the measured concentrations obtained through the AAS 

instrument. 

 

The calibration curve of standards was prepared with concentrations ranging from 0.05 to 5.0 

mg/L by serial dilution of the As(III) stock solution using deionized water. The curve 

demonstrates a linear relationship between the known and measured concentrations, expressed 

by the equation: 

 

Y = mX + C ----------------------------------------------(10) 

 

 

Here, Y represents the measured concentration of As(III), X is the known concentration from 

the standard solution, and m is the slope of the calibration line.  

 

The regression analysis yielded an excellent linear fit, with R2 =0.9999 

 

 

For As(III) adsorption in water, the slope (m) is 0.9999, and since the line passes through the 

origin, the C is the y-axis intercept (C) is zero. Thus, the calibration equation simplifies to: 

 

 

Y = 0.9999X ----------------------------------------(11) 

 

 

This equation allows the determination of unknown As(III) concentrations in solution based on 

absorbance measurements obtained through AAS. 

 

 

2.2.4.3. Adsorption experimental procedure 

The adsorption rate of arsenic using GOs is evaluated by measuring the contact time between 

the absorbent and absorbate. A certain amount of absorbate in a liquid medium with the non-

concentration was absorbed on the adsorbent surface in a certain time, and the rate of adsorption 

was calculated. Here, an Arsenic solution of 350 mL at a concentration of 100 ppm was 

adsorbed on the surface of the synthesized GO samples, and 10 mL of the solution was collected 

every 30 minutes. The solutions were collected for 12 hours, and the equilibrium concentrations 

were measured for 24 hours. The concentrations of As³⁺ ions in collected samples were 
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determined using AAS, a highly sensitive technique for quantifying metal ions. Initially, a 

calibration curve was established using standard solutions to ensure accurate quantification. 

The instrument automatically measured the concentrations of As³⁺ ions in water samples before 

and after adsorption onto the adsorbent, with the results interpreted based on the calibration 

curve. This approach facilitated precise monitoring of adsorption efficiency in artificially 

contaminated water and appropriate agitation in a vortex rotator before measurement. 

 

Research indicates that the optimal pH for arsenic adsorption by GOs is approximately 7, as 

this pH provides a favorable surface charge for electrostatic interactions with arsenic species, 

thereby maximizing adsorption capacity (Shanmugaraj K., 2023). Based on this, the 

experiments were designed to investigate the effects of initial arsenic concentrations and GOs 

dosages on adsorption performance. These parameters were systematically varied to evaluate 

their influence on arsenic removal efficiency under controlled conditions, providing insights 

into the adsorption dynamics of GOs. 

 

Adsorption experiments were conducted to evaluate the efficiency of GOs in removing As(III) 

from aqueous solutions. A predetermined quantity of the adsorbent was introduced into a 500 

mL beaker containing 350 mL of arsenic solution with specified initial concentrations of 100 

ppm. The amount of GO dosages for the adsorption experiment was calculated based on 3.0 g 

GOs/1000 mL of 1050 ppm As(III) solution, so that 1.0 g of the GOs sample can adsorb a 

maximum of 350 mg of As(III).  All experiments were carried out under controlled temperature 

conditions to maintain consistency.  

 

The suspensions were agitated using a magnetic stirrer at a constant stirring speed of 80 rpm. 

At the beginning of the experiment, the concentration of the As(III) in the solution was 100 

ppm, and the adsorbent dosages were 0.1 g GOs for 350 mL of 100 ppm solution, which were 

charged and contact time ranged from 30 to 720 minutes for kinetics studies, and for the 

equilibrium studies, it was 1440 minutes. After every 30 minutes, a portion of the solution (20 

mL) was sampled in a Falcon tube and filtered using a 0.45 μm nylon syringe filter. The 

adsorption experiments were continued for 12 hours, and equilibrium was reached at 24 hours 

as measured by the concentration in the AAS instrument. 
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2.2.4.4. Adsorption experiment at variation of contact times 

To observe the effect of variation in contact time on adsorption, following the above-mentioned 

procedure (Please see- 2.2.4.2). The samples were collected at 30-minute intervals, and the 

corresponding concentration reflects the variation of contact times. All experiments were 

performed in duplicate to ensure reproducibility, and the results were presented. 

 

2.2.4.5. Equilibrium adsorption experiments at different initial concentrations of solution 

The adsorption of As on G.2Os surface not only depends on GOs properties but is also 

influenced by several variable parameters, such as temperature, agitation, initial concentration, 

pH, etc. 

 

 

 

 

 

 

 

 

 

 

 

 

2.3. Results and discussion  

 

2.3.1. Synthesis of GOs  

The flow diagram for the synthesis of GOs has been presented in Figure 2.1. The synthesis 

method of GOs was followed by modified Hummer’s method, which reused the feed acid liquor 

recycling technique. The method was especially modified by Tour, called Tour’s method, which 

was followed with some modification (Sohail, et. al., 2017). The purpose of this modification 

was to mitigate the creation of lumps, prevent abrupt temperature rise, which can lead to an 

explosion, maximize utilization of the oxidizing agents, and employ the FAL recycling 
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techniques. Tour’s modification technique was applied to produce GOs with higher oxygen to 

carbon ratios with minimal drawbacks. 

  

 

Figure-2.1: Synthesis of GOs and reuse of feed acid liquor recycling technique following 

Tour’s method. 

 

The reaction continued until the color of the mixture changed from a dark violet in Figure 2.2 

(a) to a chocolate brown color in Figure 2.2 (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 

a filter press and centrifugation for further synthesis cycles.  Solid reaction mass oxidized under 

air and moisture, forming a pinkish-violet color as depicted in Figure 2.2 (c). To minimize the 

heat generated during the dilution process, ice can be used to minimize the heat of dilution. The 

careful incorporation of H2O2 was conducted 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 Figure 2.2 (d). From Figure 2.2, the GOs were 
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successfully oxidized, and the extent of the oxidation was indicated by the change in color 

intensity of the mixture. 

 

 

Figure-2.2. Images of color changes at different stages of graphite to GOs 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). 

 

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 into soluble chloride salts. These salts were easily removed by filtration. The 

produced GOs were freeze-dried to obtain fine pure GO powder. 

 

 

Figure-2.3: 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. 
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During the synthesis process, particularly for Run-1, the initial temperature and the temperature 

primarily maintained ranged between 55 and 60 ℃. Over the course of 16 h, the temperature 

gradually increased, reaching 95 ℃ within 4 h, as shown in Figure 2.3. The 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 main temperature conditions were set at 60–65, 

70–75, 80–85, and 90–95 ℃, respectively. The reaction durations 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 ℃, 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 2.1 and Figure 2.3. 

Comparably, when subjected to 60, 70, 80, and 90 ℃, 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. 

 

 

 

Table-2.1: Properties of synthesized GOs (GOs), reaction temperature, reaction time, moisture 

content, particle size, and zeta potential value 

Experiments Reaction 

temperature 

(ºC) 

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 

 

The yield of GOs 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 Figure 2.4. As a result, decreased 

temperature and increased reaction time have been observed to increase the overall production 
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a)                  b)                 c)                 d)                e) 

yields. The most favorable reaction conditions were determined to occur within a temperature 

range of 65–70 ℃ with a reaction duration of 14–15 h. 

 

 

    

Figure-2.4. 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. 

 

 

2.3.2. Regression analysis for GO 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. 

 

2.3.3. Regression model  

The regression model obtained from the analysis is shown in equation (12) 

 

        Product (in g) = 37.281 - 0.204 × Temperature + 0.450 × Time-----------------------(12) 

 

The regression model follows the linear straight-line equation, Y = mX + C. According to the 

model, temperature harms product yield. With every 1 ℃ 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 

Equation 12. 
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The reactions involved in the oxidation process are- 

 

Figure-2.5: Reaction mechanism for the oxidation of graphite to GOs using potassium 

permanganate in a strong acid mixture. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure-2.6. Amount of consumed and recovered acid at different reaction runs (A) MA consumed 

(mL), (B) recovered MA (mL), (C) recovered dilute acid (mL) and (D) recovered salt (g) 

 

2.3.4. Recycling of feed acid liquor  

The chemical pathway involved in the synthesis of GOs increased the ratio of oxygen to carbon 

(Figure 2.5). The roles of SO4
2- were explained by De-Mendonça J. P. (De-Mendonça J. P., et. 

al., 2018). In the context of the oxidation reaction as a whole, it is evident that the stoichiometry 

indicates a 1:1 molar 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 
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a progressive decline in subsequent reaction cycles was 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 obtained by 

centrifugation of the reaction slurry. The quantity of solid cakes exhibited a gradual increase in 

conjunction with subsequent 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 

(Figure 2.6). 

2.3.5. 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 (Figure 2.6). The concentration 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 (Figure 2.6). 
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Figure-2.7: Recovered acid properties (A) moisture (%), (B) pH of 0.1% water solutions, and 

(C) density (g/cc). 

 

2.3.6. 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 the acid. However, the density of the recovered acid increases with the number 

of recovery cycles, as shown in Figure 2.7. This is due to the increase in water 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 number 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 number of solid cakes and salts in different reaction 

runs (Figure 2 .6). 

 

2.3.7. Atomic absorption spectroscopic analysis of FAL 

The atomic absorption spectroscopic analysis of fresh and recycled FAL was conducted for the 

measurement of K+ and Mn2+ concentration in them according to the method described by Ieggli 

C. V. S., et. al., 2010, and the results obtained from the experiment were presented in Figure 

2.8. The amounts of K+ and Mn2+ concentrations were measured from the samples after their 

dilution to a 1:1000 ratio. 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 (López-Garcı́a I., et. al., 1999). After reaching 

around 2 ppm, it becomes saturated and does not further increase substantially. 
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Figure-2.8: K+ and Mn2+ ion concentration in recovered acids after dilution to 0.1% in water. 

 

 

 

2.3.8. Ion chromatographic analysis of fresh and recycled FAL  

The SO4
2– and PO4

3– ion concentrations of the fresh and recycled FAL were measured using 

ion chromatography after dilution it to 1:1000 ratio, and the result obtained were graphically 

presented in Figure 2.9. FAL contains 834 ppm SO4
2– and is diluted after successive recovery 

and reuse. But in the case of phosphoric acid, it contains 110 ppm, and after the first recovery, 

it was increased to 144 ppm, and the values were increased with the number of recovery and 

reuse cycles, because most of the KMnO4 reacts with sulfuric acid to produce atomic oxygen, 

K2SO4, MnSO4 salts, and water. Formation of PO4
3– salts is prevented because of the lower 

affinity of K and Mn for PO4
3– ions than SO4

2– ions (Paull B., 2005).  
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Figure-2.9: Amount of recovered salt and product of GOs in the synthesis process.  

  

2.3.9. Synthesis of GOs with a higher oxygen to carbon ratio 

The synthesis of GOs from G was carried out at varying temperatures and times. At higher 

reaction temperatures, the reactions were completed in a shorter period of time. This was 

because the reactant KMnO4 dissociates very fast at higher temperatures to generate atomic 

oxygen. So, KMnO4 was consumed rapidly, leading to faster oxidation of the G material. On 

the other hand, at lower reaction temperatures, reactions take more time to complete using the 

same amount of feed materials, as shown in Figure 2.3. On the contrary, the 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 highly dependent on the reaction temperature 

and time, as observed from the sediment volume of the product under water, presented in Figure 

2.4. The optimum reaction condition should be between 60 and 70 ℃, as seen from Figure 2.10. 

depicting the relationship between product yield, reaction time, and temperature. The amount 

of GOs has been directly related to reaction temperature and time. It could be observed that the 
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Figure-2.10. Reaction times and temperature relationship, and the amount of GOs products at 

various times and temperatures. 

 

Lower temperatures and longer reaction times yield higher amounts of GOs products with 

smaller particle sizes, while the reverse conditions yield lesser amounts of GOs products with 

larger particle sizes. The optimum conditions for the synthesis of GOs were found to be  

65–70 ℃ and 14–15 h (Figure 2.10). The particle size of the synthesized GOs was measured 

using both a particle size analyzer and SEM analysis. Particle sizes of the synthesized GOs 

completely depended on the reaction conditions such as the reaction temperature, the reaction 

time, and 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 tend to produce smaller GO particle sizes, as 

evidenced by the data presented in Table 2.1. Conversely, altering these conditions in the 

opposite direction results 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 (Prodan D., et al., 2021). 

The zeta-potential values of the GOs were determined by employing a particle size and zeta-

potential analyzer. This study revealed that the measured values were dependent on the 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 were employed 

(Figure 2.11). Lower values of zeta potential were obtained at higher temperatures and shorter 

reaction periods. Nevertheless, once the temperature exceeded 80 ℃, the Zeta-potential value 
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experienced a significant decline as a result of charge deactivation induced by partial reduction 

(Figure 2.12). The zeta potential was influenced by the pH of the reaction fluid and temperature. 

 

 

Figure-2.11: Relation between particle size and moisture content of produced GOs. 

 

  

Figure-2.12: Relation between Zeta potential and reaction temperature of produced GOs. 

2.4. Characterization of synthesized GOs 

 

2.4.1. FTIR-ATR spectroscopic analysis 

The FTIR-ATR spectra of the purified and freeze-dried GOs samples revealed several 

significant absorption peaks, as depicted in Figure 2.13. A broad absorption peak was observed 

around 3175–3230 cm-1, indicating the formation of hydroxyl groups (-OH) during the 
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oxidation of graphite. This peak was absent in the spectrum of graphite in Figure 13. 

Additionally, there was a sharp absorption peak at around 1704–1720 cm-1, which is attributed 

to the formation of carboxyl groups (-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 were 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 was 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 confirmed the formation of the oxidized form 

of the synthesized GO products (Prodan D., et al., 2021), (Çiplak Z., et. al., 2015), (Sahoo P., 

et. al., 2022). 

 

 

Figure-2.13: FT-IR spectroscopic analysis of different GOs products from different runs: (Run-

1) GOs @ 55 oC for 20 hours, (Run-2) GOs @ 60 oC for 18 hours, (Run-3) GOs @ 70 oC for 

14 hours, (Run-4) GOs @ 80 oC for 12 hours, (Run-5) GOs @ 90 oC for 10 hours and (R-0) raw 

graphite represents. 

2.4.2. UV-Visible spectroscopic analysis of GO nanoparticles 

Figure 2.14 depicts the UV-visible spectra of the raw graphite and prepared GO nanoparticles 

that remained in the supernatant solutions of different reaction Runs. The spectrum 

corresponding to the graphite showed no absorption peaks, as expected. All spectra of GO 

nanoparticles exhibited an absorption peak at around 242-253 nm, along with other minor 

peaks. The absorption peak was centered at λmax= 243 for Run-1, which resembles the π → π* 
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transition of C=C of the graphene layer. Similar peaks were observed for the samples from Run-

2 to Run-5 at wavelengths closer to the λmax of Run-1. 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 

(Lai Q., et. al., 2012). In addition to the broad peak, a shoulder was observed in the GO 

nanoparticle samples for Run-3 and Run-4. This shoulder was related located in the 300–400 

nm range to the π → π* transition involving the C-O and >C=O groups present on the graphene 

nanoparticle sheet (Chen G., et. al., 2013). 

 

Figure-2.14. UV Visible spectroscopic analysis of different GO nanoparticles obtained from 

supernatant collected in different runs: (a) Run-0, raw graphite, GOs of (b) Run-1, (c) Run-2, 

(d) Run-3, (e) Run-4, and (f) Run-5. 

 

GO nanoparticles of Run-1 displayed the presence of absorption peaks in the range of 600–800 

nm, which were related to the presence of impurities on the surface of the GO nanoparticle layer 

(Gupta V., et. al., 2017). Absorption spectra of the GO nanoparticles also addressed the size 

distribution in the dispersed medium. According to the quantum confinement principle, the 

small particle sizes in the microscopic scale tend to show absorption edges around lower 

wavelengths or higher energy, and GOs with larger particle sizes showed absorption edges 

around higher wavelengths or lower energy (Arefi-Rad M. R., et. al., 2020) (Kafashan H., et. 

al., 2024).  

 

2.4.3. FT- Raman spectroscopic analysis of GOs dried samples 



lxxxii 
 

The Raman spectra of the purified graphite of Run-0 and synthesized GOs, obtained from 

reaction Runs 1-5, are shown in Figure 2.15. This figure depicted the prepared GO samples. 

Raman spectroscopy was widely used to gain insight into the structural information of carbon-

based materials (Claramunt S., et al., 2015), (López-Díaz D., et. al., 2017), (Dennison J. R., et. 

al., 1996), (Wang Y., et. al., 1990). The presence of C=C bonds and their conjugation led to 

high Raman intensities. The graphite spectrum showed no Raman bands, as expected, because 

it had a similar structure to Graphene. But, in the case of GOs of different reaction runs, a very 

noisy spectra were observed. However, the most prominent and sharp bands were distinguished 

from these spectra at around ~1355 cm-1, which corresponded to the disordered band caused by 

graphitic edges and were also denoted as the D band. Another prominent but less sharp peak at 

around ~1575 cm-1, which was formed due to the phase vibration of the graphite lattice and was 

denoted as the G band (Coccato A., et. al., 2015). The intensity of the G and D bands was highly 

dependent on the structure of the GOs. As disorder in the graphene lattice was increased due to 

exfoliation, the D band's relative intensity increased compared to the G band. Moreover, the G 

band becomes broader with the increased disorder in the structure of the GOs. For this reason, 

the GOs of Run-1 showed a relatively higher intensity of both the G and D bands, were indicates 

the presence of disorder in the structure of GOs than the other runs (Adar F., 2022), (Tuinstra 

F., et. al., 1970). The G and D bands were absent in the product of Run-0, as it was pure graphite.  

These phenomena were not shown in any type of blue or red shifts and were progressive from 

GOs of Run-2 to Run-5, which suggested the absence of amorphous graphene (Ferrari A. C., 

et. al., 2000). 
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Figure-2.15. FT-Raman spectroscopic analysis of different GOs products from different runs- 

(a) Run-0, raw graphite, (b) GOs of Run-1, (c) GOs of Run-2, (d) GOs of Run-3, (e) GOs of 

Run-4, and (f) GOs of Run-5. 

 

2.4.4. SEM image analysis of GOs 

The FE-SEM micrographic images are shown in Figure 2.16, and it was found that the GOs 

showcased the surface morphology at different magnifications. FE-SEM micrographs indicated 

that different forms and sizes of GOs were formed. GOs showed a layered structure, and the 

layer thickness was found to be 200–260 nm, as seen from Figure 2.16 (C). GOs generally have 

well-defined and interlinked three-dimensional graphene sheets, forming a porous network that 

resembles a loose sponge-like structure (Paulchamy B., et. al., 2015). The wrinkled and layered 

flakes seen on the surface imply that the graphene layers were fully oxidized to GOs (Hidayah, 

et al., 2017).  
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Figure-2.16. Scanning Electron Microscopic Image of R-3 GOs [A), B), and C) Random 

image at different resolutions, D) Stacked layers of GOs nano sheets, E) Layer thickness]. 

 

2.4.5. XPS analysis of GOs 

XPS is a readily accessible and efficient quantitative technique employed for the determination 

of the oxidation state of the surface of the materials. The XPS analysis conducted on the 

produced GOs provides insights into the degree of oxidation in relation to the presence of 

organic functional groups incorporated into the structure of GOs (Marcano D. C., et al., 20180), 

(Zhang, et al., 2013). The synthesized GOs from Run-3 and Run-5 underwent XPS analysis and 

are presented in Figure 2.17–2.20.  

 

The XPS survey scan analysis of the synthesized GOs from Run-3 was presented in Figures 

2.17 and 2.18. In the survey scan analysis, presented in Figure 2.17, 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, was 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 (Figure 2.17). Based on the area 

percentage calculation, the atomic carbon content in GOs was 57.75%, and the atomic oxygen 

C D 

E 
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was 38.55%. The results in an atomic oxygen-to-carbon ratio were 66.7%. After deconvolution 

of the Carbon peak exhibited five distinct sub-peaks were presented in the spectrum in Figure 

2.18 (A), which indicated the inclusion of 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, which represented approximately 18.718% of the 

overall carbon content in the composition. The peak observed at 286.78 eV in the C1s spectrum 

was attributed to the presence of sp3/σ-bonds between carbon and oxygen atoms in the C-O-C 

epoxide and C=O functional groups. These peaks accounted 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, which accounted for 

approximately 17.645% of the analyzed specimen. Another carbon satellite peak was observed 

at 290.98 eV, which accounted for about 8.025% of the total carbon composition. The analysis 

of the oxygen peak demonstrated the existence of three distinct sub-peaks, which were shown 

in Figure 2.18 (B). The major peak observed at 532.88 eV in the O1s spectrum was identified 

as originating from the sp3/σ-bonds of carbon-oxygen (C-O) from several chemical groups, 

namely C-O-C epoxide, C-OH, and COOH carboxylic groups. These particular types of bonds 

were collectively accounted for around 61.723% of the overall oxygen 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 accounted for approximately 15.096% of the total signal intensity. 

The presence of sp2/π-bonds of C=O in COOH carboxylic groups, which accounted for 

approximately 23.18% of the total oxygen bonds, was confirmed by the O1s signal observed at 

536.08 eV. (Johra F. T., et. al., 2014), (Priante F., et. al., 2018). 

 

Figure-2.17. XPS survey scan binding energy of Run-3 of GOs. 

C1s survey 
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Figure-2.18. 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. 

 

The XPS survey scan analysis of the synthesized GOs from Run-5 has been presented in Figures 

2.19 and 2.20, respectively. In the survey scan analysis presented in Figure 2.19, the GOs 

showed 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 atomic carbon content in the GOs was 63.88% and the atomic oxygen content was 32.69%, 

which were resulted 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 Figure 

2.20 (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 were found in both aromatic and aliphatic carbons, 

O1s 

O1s 
O1s 
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indicating a mixture of sp3 and sp2 hybridization. The C-C bonds accounted for approximately 

4.36% of the overall composition. The peak at 284.78 eV in the C1s spectrum, which were 

corresponded to the sp3/σ-bonds of carbon-oxygen (C-O) inside the C-OH functional groups, 

constituted approximately 40.40% of the total spectrum. Similarly, the peak at 286.88 eV in the 

C1s spectrum corresponded to the sp3/σ-bonds of carbon-oxygen (C-O) in C-O-C epoxides and 

carbon-oxygen double bonds (C=O). This peak accounted for roughly 37.658% of the total 

spectral intensity. The C1s spectrum consisted of a peak 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 existed an 

additional peak in the C satellite spectrum at 290.58 eV, which contributed to about 5.56% of 

the whole carbon spectrum. Three sub-peaks were obtained from the deconvolution of the 

spectra of O1s corresponding to oxygen peaks in Figure 2.20 (B). O1s spectrum exhibited a 

peak at 532.68 eV, which was attributed to the sp3/σ-bonds of carbon-oxygen (C-O) was present 

in C-O-C epoxides, C-OH groups, and carboxylic (-COOH) groups. These functional groups 

collectively make up around 76.05% of the overall composition (Rathnayake R. M. N. M., et. 

al., 2017), (Dreyer D. R., et. al., 2014). At 534.68 eV in the O1s spectrum, the peak 

corresponded 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 

corresponded to the sp2/π-bonds of carbon-oxygen (C=O) in carboxylic groups (-COOH). This 

peak accounted for approximately 11.98% of the whole spectrum. 

 

 

Figure-2.19. XPS survey scan binding energy of Run-5 GOs. 
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Figure-2.20. XPS survey scan analysis of the 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. 

 

2.4.6. Thermal properties of GOs 

The thermal properties of the GO samples were measured and demonstrated in Figure 2.21. The 

GOs were stable up to 75 ℃. The mass loss due to thermal treatment was initiated beyond this 

temperature, and continues up to around 193.4 ℃. At this temperature, the total mass loss was 

about 18.99%, and an endothermic peak was observed in the DSC curve. This loss of mass was 

due to the loss of water molecules trapped inside the nanolayer of GOs (Sengupta I., et. al., 

2018). At 193.4 ℃, a sharp loss of huge mass, about 73.28% of the total mass, with an 

exothermic peak was observed, and it occurred due to the thermal decomposition of hydroxyl 

functional groups along with the breakdown of carbon ring framework structures (Dreyer D. 

R., et. al., 2014). After that, the mass loss was not so significant but steady up to the temperature 

425 ℃, and there was no change in energy observed. But at the temperature between 425 ℃ 
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and 500 ℃, a third mass loss of about 8% was observed, with an exothermic peak again. This 

mass loss indicated the burning of the carbon skeletons (Xing B., et al., 2017). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure-2.21. Simultaneous thermal analysis (STA) of GOs products of Run-3. 

 

 

2.4.7. Correlation between the properties of GOs 

Correlation analysis was performed to evaluate the relationship between the properties of the 

synthesized GOs with time, temperature, and yields, which were evaluated using the SPSS 

software. The correlation also found a significant effect of FAL recovery on GOs and the 

recovered FAL of different reaction Runs. The correlation matrix reveals a coherent set of 

interdependent physicochemical behaviors among the recovered acids, salts, and particle 

characteristics. The results of these analyses were displayed in Table 2.2.  

 

The correlation analysis revealed several distinct interaction patterns among the 

physicochemical properties of the generated graphene oxide (GO) samples. The particle size 

exhibited strong and positive correlations with multiple key variables, including salt recovery 

(0.933), dilute acid recovery (0.944), recovered acid density (0.827), moisture content (0.906), 

phosphate ion concentration, PO₄³⁻ (0.977), and potassium ion concentration, K⁺ (0.868). These 

relationships suggested that larger GO particle performances were improved.  
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Table-2.2: 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– K+ Mn2+ 

Particle 

Size 
1 

0.372 

(0.538) 

0.944* 

(0.016) 

0.933* 

(0.021) 

0.944* 

(0.016) 

0.827 

(0.084) 

0.906* 

(0.034) 

0.916* 

(0.029) 

0.977** 

(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 

0.944* 

(0.016) 

-0.046 

(0.942) 
1 

-0.992** 

(0.001) 

-1.000** 

(0.000) 

-0.953* 

(0.012) 

-0.984** 

(0.002) 

0.990** 

(0.001) 

-0.991** 

(0.001) 

-0.974** 

(0.005) 

-.478 

(0.415) 

Salt 

recovery 

0.933* 

(0.021) 

0.031 

(0.960) 

-0.992** 

(0.001) 
1 

0.992** 

(0.001) 

0.922* 

(0.026) 

0.994** 

(0.001) 

-0.969** 

(0.007) 

0.986** 

(0.002) 

0.983** 

(0.003) 

0.565 

(0.321) 

Dilute acid 

recovery 

0.944* 

(0.016) 

0.046 

(0.942) 

-1.000** 

(0.000) 

0.992** 

(0.001) 
1 

0.953* 

(0.012) 

0.984** 

(0.002) 

-0.990** 

(0.001) 

0.991** 

(0.001) 

0.974** 

(0.005) 

0.478 

(0.415) 

Recovered 

acid density 

0.827 

(0.084) 

-0.173 

(0.781) 

-0.953* 

(0.012) 

0.922* 

(0.026) 

0.953* 

(0.012) 
1 

0.935* 

(0.020) 

-0.982** 

(0.003) 

0.913* 

(0.031) 

0.929* 

(0.022) 

0.445 

(0.453) 

Moisture % 0.906* 

(0.034) 

-0.034 

(0.956) 

-0.984** 

(0.002) 

0.994** 

(0.001) 

0.984** 

(0.002) 

0.935* 

(0.020) 
1 

-0.970** 

(0.006) 

0.973** 

(0.005) 

0.976** 

(0.004) 

0.596 

(0.288) 

Sulphate -0.916* 

(0.029) 

0.011 

(0.986) 

0.990** 

(0.001) 

-0.969* 

(0.007) 

-0.990** 

(0.001) 

-0.982** 

(0.003) 

-0.970** 

(0.006) 
1 

-0.973** 

(0.005) 

-0.953* 

(0.012) 

-0.429 

(0.472) 

PO4
3– 0.977** 

(0.004) 

0.169 

(0.786) 

-0.991** 

(0.001) 

0.986** 

(0.002) 

0.991** 

(0.001) 

0.913* 

(0.031) 

0.973** 

(0.005) 

-0.973** 

(0.005) 
1 

0.946* 

(0.015) 

0.423 

(0.478) 

K+ 0.868 

(0.057) 

-0.112 

(0.858) 

-0.974** 

(0.005) 

0.983** 

(0.003) 

0.974** 

(0.005) 

0.929* 

(0.022) 

0.976** 

(0.004) 

-0.953* 

(0.012) 

0.946* 

(0.015 
1 

0.641 

(0.243) 

Mn2+ 0.266 

(0.665) 

-0.559 

(0.327) 

-.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 

*Correlation is significant at the 0.05 level (2-tailed) 

**Correlation is significant at the 0.01 level (2-tailed) 
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In contrast, particle size showed significant negative correlations with acid recovery (–0.944) 

and sulphate ion concentration (SO₄²⁻, –0.916), indicating that smaller particles more efficiently 

associated with acid recovery and greater sulphate retention. 

 

The acid recovery displayed a negative correlation with salt recovery (–0.992), dilute acid 

recovery (–1.000), recovered acid density (–0.953), moisture content (–0.984), PO₄³⁻ 

concentration (–0.991), and K⁺ concentration (–0.974). However, strong positive correlations 

were observed between acid recovery and SO₄²⁻ concentration (0.990), suggesting that acid 

recovery favored phosphate and potassium ions over sulphate ions. 

 

Salt recovery, dilute acid recovery, and recovered acid density were tightly interlinked in a 

cluster. Salt recovery correlated strongly and positively with dilute acid recovery (0.992), 

recovered acid density (0.922), moisture content (0.994), PO₄³⁻ (0.986), and K⁺ (0.983), while 

it showed a notable negative correlation with SO₄²⁻ (–0.969). Similarly, dilute acid recovery 

shared strong positive correlations with recovered acid density (0.953), moisture (0.984), PO₄³⁻ 

(0.991), and K⁺ (0.974), but displayed a strong negative correlation with SO₄²⁻ (–0.990). The 

recovered acid density follows this trend, correlating positively with moisture (0.935), PO₄³⁻ 

(0.913), and K⁺ (0.929), and negatively with SO₄²⁻ (–0.982). 

 

Moisture content is strongly aligned with the enrichment of PO₄³⁻ (0.973) and K⁺ (0.976), and 

inversely associated with SO₄²⁻ (–0.970). The ionic relationships are particularly pronounced: 

SO₄²⁻ shows strong negative correlations with PO₄³⁻ (–0.973) and K⁺ (–0.953), whereas PO₄³⁻ 

and K⁺ exhibit a robust positive intercorrelation (0.946), indicating co-mobility or co-

enrichment during the recovery process. 

 

Finally, manganese demonstrates uniformly weak correlations with all variables, suggesting 

minimal influence from the recovery conditions that drive the behavior of other species. 
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2.5. Application of the synthesized GOs 

 

2.5.1. Removal of Arsenic (III) from aqueous solution using GOs  

The adsorption of arsenic (III) by synthesized GOs offers several advantages over other 

methods, including high removal efficiency with a higher adsorption rate, because GOs have 

large surface area and versatile oxygen functional groups. This method is environmentally 

friendly, cost-effective, and scalable, providing a sustainable solution for water purification 

while avoiding the generation of hazardous by-products commonly associated with 

conventional methods. 

 

2.5.2. Determination of calibration curve 

The role of the calibration curve is very important for the measurement of As3+ ions in water. 

It is considered the main scale of measurement. If the calibration curve can’t be drawn properly, 

the whole measurement technique will be in doubt. It expresses the accuracy of measurement. 

The significance of the calibration curve can be understood from the R2 value and its linearity. 

It should be almost a straight curve, and the R2 value should come approximately 1 or at least 

0.999 for the chemical measurement. 

 

Table 2.3 and Figure 2.22 showed the absorbance and R2 value of the experimental data 

obtained from the absorbance measurements using an AAS instrument at the variation in 

concentration of As3+ ions in aqueous solutions, and the R2 value obtained was 0.999. 

 

Table-2.3: Calibration data for As(III) adsorption using the AAS instrument 

Sample 

No. 

Used Arsenic 

Concentration 

(ppm) 

Measured Arsenic 

Concentration 

(ppm) 

1 0.05 0.06 

2 0.10 0.09 

3 0.50 0.51 

4 1.00 0.98 

5 2.00 2.03 

6 5.00 4.97 
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Figure-2.22: The calibration curve obtained for the As3+ ions from the AAS instrument. 

 

From Table 2.4, the expression of the As3+ ions removal Capability (qe), Adsorption Efficiency 

(E), and Adsorption Kinetics (R). The provided dataset outlines the experiment of adsorption 

behavior of As3+ ions in water using GOs as an adsorbent was measured over 24 hours. The key 

parameters included in the solution concentration, adsorption capability (qe), and removal 

efficiency (R), with a constant adsorbent mass of 0.1 g and an initial arsenic concentration of 

100 ppm, and a total volume of 400 mL solution were examined. During the initial stages, a 

rapid decline in the solution’s arsenic concentration was observed. Figure 2.23 illustrates the 

increase in As3+ ion Adsorption efficiency with changes in concentration over time. 

 

Within the first 1.0 hours, the concentration decreased from 100 ppm to 13.27 ppm, achieving 

a removal efficiency of 86.73% and an adsorption capability of 346.92 mg/g. After 2 hours, the 

solution concentration dropped to 1.98 ppm, corresponding to an adsorption capability of 

392.08 mg/g and a removal efficiency of 98.02%. This rapid initial adsorption phase was 

attributed to the high availability of active adsorption sites on the GOs surface, which strongly 

interact with arsenic ions via mechanisms such as electrostatic attraction, complexation, and   

π-π interactions. Between 0 and 1 hours, the adsorption rate slowed as the remaining active sites 

on the GOs surface became saturated. The solution concentration decreased steadily, from 

13.27 ppm at 1 hour to 1.95 ppm at 2 hours. Correspondingly, at 12 hours, the adsorption 

capacity reaches 392.96 mg/g, with a removal efficiency of 98.24%. 
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2.5.3. Measurement adsorption capability (qe), adsorption efficiency (E), and adsorption 

kinetics (R) study 

Table-2.4: Variation in concentration with contact time 

Time  

(Minute) 

Amount of 

adsorbent  

(g) 

Solution 

Concentration  

(ppm) 

Adsorption 

capability 

(mg/g) 

Removal 

Efficiency  

(%) 

0.0 0.1 100 0 0 

5.0 0.1 82.84 68.64 17.16 

10.0 0.1 69.95 120.20 30.05 

15.0 0.1 51.83 192.68 48.17 

20.0 0.1 42.04 231.84 57.96 

25.0 0.1 36.53 253.88 63.47 

30.0 0.1 31.26 274.96 68.74 

35.0 0.1 28.62 285.52 71.38 

40.0 0.1 25.24 299.04 74.76 

45.0 0.1 22.93 308.28 77.07 

50.0 0.1 19.01 323.96 80.99 

55.0 0.1 15.56 337.76 84.44 

60.0 0.1 13.27 346.92 86.73 

65.0 0.1 10.91 356.36 89.09 

70.0 0.1 8.49 366.04 91.51 

75.0 0.1 6.03 375.88 93.97 

80.0 0.1 4.01 383.96 95.99 

85.0 0.1 2.99 388.04 97.01 

90.0 0.1 2.33 390.68 97.67 

95.0 0.1 1.99 392.04 98.01 

100.0 0.1 1.98 392.08 98.02 

105.0 0.1 1.97 392.12 98.03 

110.0 0.1 1.96 392.16 98.04 

115.0 0.1 1.95 392.20 98.05 

120.0 0.1 1.95 392.20 98.05 

720.0 0.1 1.76 392.96 98.24 

 

The gradual reduction in adsorption rate was explained by the decreased availability of 

unoccupied sites and the increased competition among arsenic ions for the remaining active 

areas. Additionally, the diffusion of arsenic ions to the surface became rate-limiting due to the 

decreased concentration gradient. 
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Figure-2.23: As(III) Adsorption efficiency with the concentration changes with time 

 

After 1 hour, the system reached near-equilibrium conditions, as indicated by minimal changes 

in solution concentration, adsorption capacity, and removal efficiency. At the removal 

efficiency consistently exceeded 95% before 1 hour, indicating that GOs is highly effective 

even at a lower adsorbent dose. The high equilibrium adsorption capacity (343.14 mg/g) 

underscored the potential of GOs for treating arsenic-contaminated water, especially in regions 

where arsenic pollution is a significant concern. The data provide a comprehensive 

understanding of the adsorption process and kinetics of As(III) by GOs. 

 

Furthermore, after 2 hours, the concentration stabilized at 1.95 ppm, with an adsorption capacity 

of 392.20 mg/g and a removal efficiency of 98.05%. At the end of the experiment (12 hours), 

the solution concentration reached 1.76 ppm, and the adsorption capacity slightly increased to 

392.96 mg/g, with a removal efficiency of 98.24%. These results confirmed the high adsorption 

efficiency of GOs for As(III), demonstrated their potential for water treatment applications. The 

data in Figure 2.23 demonstrated the real-time efficiency % and solution concentration of 

As(III) adsorption by GOs. The rapid initial adsorption phase highlighted the strong affinity of 

GOs for arsenic ions, making it an effective material for rapid wastewater treatment. The 

plateauing of adsorption capability at equilibrium reflected the finite number of active sites 

available for arsenic binding. 
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Figure-2.24: EDX analysis of the As (III) adsorption in GOs, A) EDX Image and B) Elements 

in of adsorbed GOs. 

 

Figure 2.24 provided evidence of As3+ ions adsorption found in EDX analysis of the GOs after 

adsorption of As (III). The rapid adsorption rate, high removal efficiency, and substantial 

adsorption capacity affirmed the suitability of GOs as an advanced adsorbent for water 

purification. Future studies could focus on optimizing adsorbent dosage, evaluating multi-

component adsorption systems, and scaling up the process for practical applications. 

 

2.5.4. Effect of the initial concentration 

Table-2.5: Adsorption kinetics of As(III) solution passed through adsorbent 

Experiment 

No. 

Amount 

of GOs 

(g) 

Initial As(III) 

concentration of 

solution (ppm) 

As(III) adsorption 

capability 

(mg/g) 

As(III) adsorption 

efficiency 

(%) 

01. 0.1 100 388.12 97.88 

02. 0.1 100 390.84 97.92 

03. 0.2 200 392.04 98.06 

04. 0.2 200 394.36 97.64 

05. 0.3 300 398.00 98.28 

06. 0.3 300 394.40 98.66 

07. Average 392.96 98.24 
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Figure-2.25: As(III) Adsorption capability of GOs with the concentration changes with time, 

Equilibrium adsorption  

 

The experimental evaluation of GOs for As(III) adsorption demonstrated high performance 

across varying conditions. Table 2.5 and Figure 2.25 illustrate the effects of the initial As(III) 

concentration on the adsorption process. Three experiments were conducted using 0.1 g, 0.2 g, 

and 0.3 g of GOs with initial arsenic concentrations of 100 ppm, 200 ppm, and 300 ppm, 

respectively. The adsorption capability (qe) remained consistent, ranging from 342.86 mg/g to 

343.14 mg/g, indicating saturation of GOs adsorption capacity. Adsorption efficiency exceeded 

97.9% in all experiments, highlighting GOs strong binding affinity for arsenic ions. The 

proportional ratio between GO dosage and arsenic concentration ensured consistent evaluation, 

confirming GOs reliability as an effective and efficient adsorbent. 
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2.7. Conclusions 

This method has effectively produced GOs with increased carbon-to-oxygen ratios, reaching a 

maximum of 57.75%:38.55%. The effect of reaction temperature and duration on the extent of 

oxidation was considered significant. The best oxidation reaction conditions were 60-70 ℃ and 

14-18 h, with respect to product yield and quality. 65-70% GOs were produced at the mentioned 

conditions. In contrast, elevated temperatures and shorter reaction times led to reduced 

oxidation and lower product yield. The unreacted feed acid liquor (FAL) was successfully 

recycled and reused for five consecutive cycles. In each recycled experiment, 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 by 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 crystallizes out from the recovered FAL faster than the 

phosphoric acid. So, sulfuric acid content in the makeover FALs must be greater than the 

primary FAL. However, the recovered acid slurry underwent slow dilution of 0.5% in each 

recycle due to water production in the oxidation reaction. The alteration in the concentration of 

the acid slurry has an impact on the size of the GO particles. The particle size of GOs was 

increased from 900 to 1660 nm due to the increase 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 ℃. 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/℃) and positive (+0.450 g/h) effects on the reaction 

time. The XPS examination revealed an oxygen-to-carbon atomic ratio of 57.75%: 38.55%, 

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 a layered structure of 200–260 nm thickness. 

TGA showed the stability of GOs up to 75 ℃. 75% of GOs were decomposed at 193℃. As it 

can be removed very efficiently by the synthesized GOs. It can remove about 343 mg/g As(III) 

with 98% efficiency. 
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Study on the Reduction of GOs to rGOs and  

Its Antimicrobial Activity Study 
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Abstract 

 

This chapter focuses on the synthesis of nano graphene sheets using chemical oxidation and 

reduction methods to optimize graphene’s properties. GOs with high oxygen-to-carbon ratios 

were produced from graphite powder using Tour’s method and reduced through eco-friendly 

techniques to maximize the reduction of GO to afford rGO. The effects of soft, hard, and 

extreme thermo-chemical reduction treatments were investigated. First, GOs were synthesized 

using an acid liquor recycling technique to lower costs and enhance oxidation, followed by 

thermogravimetric analysis to study their thermal behavior. Soft thermal treatment (STT) of 

GOs in a polar solvent, water, at 95-98 °C for 48 hours (STT-St) and 96 hours (STT-Lt) yielded 

hydrophilic rGO. Hard thermal treatment (HTT) was then performed in a nonpolar solvent, 

kerosene, at 180 °C (HTT-LT) and 220 °C (HTT-HT) for 1 hour, resulting in hydrophobic rGO. 

For extreme reduction, HTT-HT rGO was further treated with ascorbic acid, reversing its 

hydrophobicity to hydrophilicity. Characterization techniques, including FT-IR, UV-Vis, FT-

Raman, XRD, TEM, SEM, BET, and XPS, confirmed the formation of rGO. Upon stepwise 

reduction, the oxidation levels of the GOs decreased stepwise from 66.7% to 45.39%, 32.68%, 

17.77%, 8.83% and finally 2.43% in the extremely reduced rGO-KAA. Structural analysis from 

XRD also supports the stepwise reduction compositions and showed broad peaks at 2θ at around 

25° at the plane (002) for the rGO, which increases stepwise, whereas other broad peaks at 2θ 

around 10-13 for the (001) plane of GOs decrease consecutively, but a short peak around 43° 

for (100) plane remains same. BET analysis revealed a high surface area of 27.15 m²/g. and 

32.60 m²/g respectively for rGO-K220 and rGO-KAA. The degradation mechanism was 

studied, and found that the lower temperature thermal reduction influenced non-destructive 

degradation only, but the higher temperature thermal reduction accomplished both non-

destructive and destructive degradation consecutively. The antimicrobial activity of highly and 

extremely reduced rGO was tested, and the test results showed that highly reduced rGO showed 

activity against both B. subtilis, S. aureus, E. coli, and S. typhi compared to hydrophobic rGO, 

while GOs exhibited no activity. The highest zone of inhibition was 19.5 mm at 20 μg/mL after 

24 hours, compared to 27.5 mm for standard tetracycline. 
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Objectives 

 

According to the literature review, the maximum chemical oxidation of graphite provides the 

highest degree of exfoliation, but it suppresses some of the graphene properties, e.g., reduces 

transparency, electrical and thermal conductivity, crystallinity, etc. To reactivate these 

properties, GOs should be reduced. To reveal the rGO properties, the synthesized GOs were 

thermally treated under several conditions to achieve maximum reduced rGO, and it was the 

main objective of this research. So, the objectives are- 

 

i. Thermal degradation of GOs at different conditions to achieve the maximum reduced 

condition phenomena, and to obtain optimum reduction temperature, time, and medium 

of reduction  

ii. Optimized the thermal treatment using water and kerosene and their effect on oxygen to 

carbon ratios to understand the reduction mechanism. 

iii. The effect of combined thermal and chemical reduction on the reduction of GOs to rGO.  

iv. Application of rGO for the evaluation of antimicrobial properties. 
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3.1. Introduction 

 

Research on Graphene materials has drawn enormous attention due to its extreme 

electromechanical properties and diversified application fields (Geim A. K., et. al., 2007). It 

has the basic building block of other carbon allotropes, and graphene has been wrapped to create 

0D fullerenes, rolled up to form 1D carbon nano tubes (CNTs), atomically thin sheet form 2D, 

graphene, and stacked to make 3D graphite (Georgakilas V., et. al., 2015). Its superior 

mechanical, optical, and thermal properties offer its diversified fields of utilization (Banerjee 

A. N., 2018), (Sur U. K., 2012). It achieved a very high planar surface (2,630 m2/g) (Stoller M. 

D., et. al., 2008), ultrahigh electron mobility (2,00,000 cm2 V−1S−1) (Bolotin K. I., et. al., 2008), 

superior thermal conductivity (about 5,000 W/m/K), (Balandin A. A., et. al., 2008), exceptional 

mechanical strength (Young’s modulus, ∼1,100 GPa) (Lee C., et. al., 2008), (Farazas A. A. M., 

et. al., 2018), and exceptional electronic characteristics (Timochenco V., et. al., 2018), (Arthi 

G., et. al., 2015). 

 

GOs were synthesized chemically by applying various methods (Timochenco V., et. al., 2018), 

(Benzait Z., et. al., 2019). The most popular method for producing GOs was Hummer’s method, 

where graphite powder was oxidized using KMnO4 in the presence of NaNO3 in H2SO4 in an 

ice bath (Offeman R. E., et. al., 1958), (Dimiev A. M., et. al., 2012). The most effective 

modification to this method was to eliminate the ice bath and remove NaNO3, which increased 

the amount of KMnO4. The reaction was conducted in a 9:1 mixture of H2SO4:H3PO4 to 

enhance the oxidation process and produce a significant amount of hydrophilic GO material. 

Since the temperature could be readily adjusted to produce a significant amount of GOs, this 

adjustment prevented the production of harmful gases (Marcano D. C, et. al., 2010), (Habte A. 

T., et. al., 2019). Due to its versatile properties, such as high mechanical strength, electrical 

conductivity, chemical properties, molecular barrier abilities, and optical properties of a single-

layered 2-dimensional carbon sheet of sp2 carbon atoms arranged in a honeycomb structure has 

gained a giant research interest (Kurian M., et. al., 2021). These synthesized GOs were also 

reduced to achieve rGO by applying plenty of physical and chemical methods (Ayele D. W., 

et.al., 2019) (Kurian M., et. al., 2021), (Zhi M., et. al., 2019). The hydrothermal method for the 

production of rGO at pH 11 using NaOH with stirring for 6.0 hrs. at 140 °C (Kurian M., et. al., 

2021). Microwave conversion of GOs to rGO provides a fast and easy process for direct pristine 

graphene (Rahayu E. F., et. al., 2022). 
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rGO was considered a pivotal material in the realm of nanotechnology, characterized by its 

exceptional properties and diverse applications across various fields (Kar K. K., 2020). This 

unique derivative of graphene, a single layer of carbon atoms arranged in a two-dimensional 

honeycomb lattice, undergoes a process of reduction from GOs, enhancing its electrical 

conductivity and mechanical strength while preserving its remarkable flexibility and high 

surface area. 

 

The formation of rGO involves a multi-step process, typically commencing with the oxidation 

of graphite flakes to produce GOs (Ghulam A. N., et. al., 2022), (Liu W., et. al., 2021). This 

precursor material exhibits abundant oxygen-containing functional groups such as hydroxyl, 

epoxy, and carboxyl groups, rendering it hydrophilic and facilitating its dispersion in various 

solvents. The subsequent reduction step involves the removal or reduction of these oxygen 

functionalities, leading to the restoration of sp² carbon networks akin to pristine graphene. 

 

Reduction of GOs provides improvement of some physicochemical properties of rGO, aiming 

at some specific and sophisticated applications. Several methods were employed for the 

reduction of GOs, including thermal, chemical, and electrochemical approaches (Agarwal V., 

et. al., 2021). Thermal reduction methods involve annealing GOs at high temperatures under 

inert atmospheres or vacuum conditions to eliminate oxygen groups. Chemical reduction 

utilizes reducing agents such as hydrazine, hydroiodic acid, or various metal nanoparticles to 

achieve the reduction of GOs to rGO. Electrochemical reduction involves the use of an electric 

current to induce the reduction of GOs. 

 

Applications of biomass rGO include bioengineering, electronics, nanotechnology, and other 

industries (Ansari M. Z., et. al., 2019), (Shubha P., et. al., 2018). The air annealing of GOs 

produced rGO with reduced and exfoliated pristine GOs into fluffy and wrinkled rGO, and the 

product also shows six times higher sorption capacity to remove the atmospheric pollutants than 

N2 annealed rGO (Giang T. T., et. al., 2018). The thermal reduction of GOs plays an important 

role in the high purity of the product and the maximum exfoliation of GOs flakes, and the 

optimum temperature is 350 oC to obtain the maximum product without the least defects 

(Sengupta I., et. al., 2018). 
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The resulting rGO exhibits superior electrical conductivity, excellent mechanical properties, 

and high thermal stability, making it highly desirable for a myriad of applications (Yan J. X., 

et. al., 2019). In the field of electronics, rGO finds utilization in flexible and transparent 

conductive films, energy storage devices like supercapacitors and batteries, due to its high 

surface area, and as a promising material for next-generation sensors and actuators, owing to 

its sensitivity and responsiveness. 

 

Moreover, in biomedical applications, rGO biocompatibility, large surface area, and ease of 

functionalization have garnered attention for drug delivery systems, bio-sensing platforms, and 

tissue engineering scaffolds (Papaefthymiou G., et. al., 2015). Additionally, its incorporation in 

composite materials enhances their mechanical strength (Wang J., et. al., 2020), thermal 

conductivity (Chen J., et. al., 2020), and electrical properties (Leow C., et. al., 2023), making 

rGO an attractive additive for enhancing the performance of polymers, ceramics, and metals. 

rGOs were prepared from GOs using green nontoxic chemical of caffeine, and the ID/ IG value 

of GOs was raised from 0.93 to 1.11 in FT-Raman analysis (Vu T. H. T., et. al., 2015). The 

versatility and promising characteristics of rGO continue to propel its exploration and adoption 

across various disciplines, fostering innovation and driving advancements in numerous 

technological domains. The synthesis, functionalization, and application potential of rGO 

remains boundless, offering a pathway to revolutionize diverse industries and pave the way for 

the next generation of advanced materials and composites (Tarcan R., et. al., 2020). 

 

rGO was made composite with polyaniline (PANI) in-situ and ex-situ methods, and it was found 

that in-situ composites were more thermally stable, but had pore electrical conductivity (0.01 

S·cm−1) compared to neat PANI (0.11 S·cm−1), but that in ex-situ PANI (280 S·cm−1). To 

stabilize the nanocomposite in dispersion, an emulsifier was effective (Bautkinová T, et. al., 

2020). rGO was used as a material for the development of electrochemical sensors, and the 

sensors were utilized for sensing a huge number of chemicals in gas chromatographic analysis 

techniques (Rowley-Neale S. J., et. al., 2018). Though rGO properties resemble those of true 

graphene, it differs from the original in pore conductivity, defects, layers, electronic, and 

optoelectronic characteristics. The properties of rGO varied selectively in the degree of 

reduction in different techniques (Khan M. A., et. al., 2021). Cracks and wrinkles are frequently 

created during the transfer of graphene from one substrate to another, which lowers the product 

quality (Yang G., et. al., 2018). 
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Tannic acid stabilizes graphene, affecting concentration and exfoliation efficiency. It acts as a 

dispersant and regulator, forming uniformly integrated graphene polymer matrices for high-

performance nanocomposites (Zhao S., et. al., 2018). Ascorbic acid-rGO contains 33% oxygen 

atomic percentage due to the removal of hydroxyl and epoxy groups at basal planes, while edge 

carbonyl groups contribute to a small extent. This reduces epoxy and hydroxyl functional 

groups, allowing better solution processing (De Silva K. K. H., et. al., 2018). 

 

RGO was produced from coconut trash using a straightforward catalytic oxidation process 

utilizing ferrocene catalyst and was used as a high-performance electric double-layer 

capacitor with excellent cyclic stability (Tamilselvi R., et. al., 2020). Chitosan-graphene 

nanocomposites were synthesized using in situ chemical reduction of GO sheets with l-ascorbic 

acid, resulting in improved mechanical and electrical properties. These nanocomposites showed 

strong hydrogen bonding interactions with polyvinyl alcohol, making them potential drug 

delivery carriers (Cobos M., et. al., 2018). 100 ml of deionized water was mixed with 0.5 g of 

prepared GOs. 5.0 grams of ascorbic acid were added to the mixture, and while the temperature 

was kept at 60 oC, the reaction was agitated at 600 rpm. The sample was filtered and cleaned 

with deionized water after 12 hours (Ali I., et. al., 2019), (Tewatia K., et. al., 2021), (Habte A. 

T., et. al., 2019). A significant waste product of the sugar production process, sugarcane 

bagasse, was subjected to green reduction of GOs to rGO. A promising adsorbent for the 

removal of methylene blue was rGO/bagasse (Gan L., et. al., 2019). 

 

In another interesting study, sugarcane bagasse-rGO demonstrated good cyclic stability and 

conductivity and could be used to remove Cd(II) with an adsorption capacity of 24.47 mg/g (Li 

B., et. al., 2018). The lignin-rGO composite electrode, which was made using ascorbic acid and 

hydrazine, demonstrated a high capacitance of 90 F g−1 at 0.5 A g−1 and 133.9 F g−1 at 10 A g−1, 

and it was able to maintain 86.5% of its specific capacitance even after 10,000 continuous cycles 

of galvanostatic charge/discharge (Ye W., et. al., 2017). The utilization of graphene and 

polypyrrole as the electrodes exploits the surface of graphene for charge storage while also 

facilitating oxidation and reduction reactions between the electrolyte and polypyrrole (Li Y, et. 

al., 2016). A 40% PPy content supercapacitor shows the best electrochemical performances, 

with a very large capacitance per weight (326 F g−1 at 0.5 A g−1 and 250 F g−1 at 2 A g−1). 
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Recent advances in catalytic applications of GOs have led to the development of metal/metal 

oxide nanohybrids, metal-free catalysis, and electrocatalysis successfully achieved for green 

synthesis of different bioactive and other chemicals (Sachdeva H., et. al., 2020). Numerous 

heterogeneous catalytic systems, such as metal-free carbon nanomaterials including fullerene, 

carbon nanotubes (CNTs), graphite, graphene, and carbon nanodots, have been investigated for 

their potential as metal oxide supports or as effective carbocatalysts for a range of catalytic 

applications (Machado B. F., et. al., 2012), (Chen Q., et. al., 2019). rGO shows concentration-

dependent effects on Escherichia coli. At high concentrations (200–400 μg/mL), rGO exhibits 

antibacterial activity, while lower concentrations (10–50 μg/mL) enhance bacterial growth. 

This growth may result from bacterial interactions with rGO, as evidenced by changes in 

surface chemistry, including C-N bond formation (Mann R., et. al., 2021), (Zhou Y., et. al., 

2023). X-ray diffraction (XRD) analysis of thermally rGO (rGO) reveals significant structural 

transformations, particularly in the removal of oxygen functionalities and changes in 

crystallinity. Studies indicate that thermal reduction at temperatures ranging from 200 °C to 

700 °C enhances the C/O atomic ratio, with values increasing from approximately 2.0 to 4.5, 

leading to a denser and more compact rGO structure (Torrisi L., et. al., 2023), (Ramamoorthy, 

et. al., 2021). The XRD patterns demonstrate a decrease in interlayer spacing, correlating with 

the reduction of oxygen-containing groups and the formation of a more graphitic structure 

(Priyadarshani M., et. al., 2024), (Singh P. K., 2023). Additionally, the analysis highlights the 

emergence of vacancy-type defects at higher temperatures, which can affect the material's 

electrical properties (Ramamoorthy H. et. al., 2021). Overall, XRD serves as a crucial tool in 

understanding the microstructural changes during the thermal reduction process (Afanas’ev V. 

P., et. al., 2020). 

 

Transmission Electron Microscopy (TEM) has emerged as a pivotal technique for analyzing 

the thermal reduction of GOs, providing real-time insights into structural transformations. In-

situ heating experiments reveal that as GOs is thermally treated, oxygen-containing functional 

groups are progressively removed, leading to the reordering of the graphitic structure, which is 

observable through Selected Area Electron Diffraction (SAED) patterns (Ceniceros-Reyes M. 

A., et. al., 2022). Additionally, studies on rGO-based platinum nanocatalysts demonstrate that 

the thermal stability of metal nanoparticles is enhanced on flat rGO surfaces, highlighting the 

importance of surface morphology during thermal processes (Ying Z., et. al., 2021). The 

combination of high-resolution TEM imaging and Electron Energy-Loss Spectroscopy (EELS) 
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allows for detailed tracking of functional group transformations and water desorption, 

providing a comprehensive understanding of GO's thermal behavior (Pelaez-Fernandez M., et. 

al., 2021). Furthermore, the impact of high-temperature treatments on microstructure and 

crystallinity has been confirmed through various characterization techniques, emphasizing the 

effectiveness of thermal reduction methods (Singh P. K., et. al., 2023). Lastly, Joule heating 

techniques have shown significant improvements in conductivity during the reduction process, 

indicating a highly localized reduction mechanism (Hettler S., et. al., 2021). 

 

The thermal degradation of GOs is a function of temperature and the environment where the 

heating takes place. The optimum temperature for the thermal reduction of GOs is 350 °C, 

where the maximum possible reduction, carbon–oxygen ratio, and minimum lattice defect are 

achieved (Sengupta I., et. al., 2018). Some GOs samples can undergo explosive decomposition 

when heated slowly in an inert gas environment. This is due to the exothermicity of GOs 

reduction, which can cause a local temperature rise and thermal runaway reaction (Qiu Y, et. 

al., 2014). As GOs is heated, its oxygen functional groups decompose, releasing CO2, H2O, and 

CO. This process can begin at temperatures as low as 373 oK, but higher temperatures are 

required to remove more resistant groups (Menezes I. R., et. al., 2023), (Wang C., et. al., 2022). 

 

Different reduction method produces different rGO with different defect densities, and hence 

their mechanisms also greatly differ depending on the reduction conditions. Two types of 

mechanisms were proposed depending on defect density. Reduction process releases only 

oxygen-containing functional groups, produces fewer defects in rGO, and in the case of 

destructive degradation, releases oxygen-containing groups along with parts of the carbon 

backbone in graphene, increasing the defects (Rosanna L., et. al., 2011). The long-term aging 

effect on GOs properties was studied, where GOs changed, with the C/O ratio rising from 1.96 

to 2.76 and interlayer spacing decreasing from 0.660 to 0.567 nm due to desorption of oxygen 

groups. Defect density fell (ID/IG value increased from 0.87 to 0.92). Thermal decomposition 

showed a lower peak temperature (195 °C vs. 216 °C), with less CO, CO₂, and H₂O released, 

and activation energy decreased from 150 to 134 kJ/mol (Li C., et. al., 2021). This study uses 

in-situ thermal TEM to analyze GOs reduction, examining the transformations of oxygen 

functional groups, water desorption, and graphitization from 70 to 1200 °C. Combining 

HRTEM and EELS, it is a model for water and oxygen group removal, providing insights into 

GO’s thermal behavior relevant to its application stability under heat (Hettler S., et. al., 2021). 
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Graphene materials show antimicrobial activities, and as rGO contains some different oxygen 

functional groups so it also possesses some of these properties. Graphene-based materials 

exhibit varying antibacterial effects against E. coli, with GO being most effective. 

Antimicrobial mechanisms include membrane disruption by nanosheets and oxidative stress. 

Optimizing graphene’s properties can enhance its antibacterial activity while mitigating 

environmental impacts (Liu S., et. al., 2011). 

 

The microbiological effects of rGO on Escherichia coli. At high concentrations (200 and 400 

μg/mL), rGO showed antibacterial activity, but at lower concentrations (10 and 50 μg/mL), it 

enhanced bacterial growth. X-ray photoelectron spectroscopy indicated changes in the rGO 

surface, suggesting possible interactions with bacterial cell components. These findings 

highlight the concentration-dependent effects of rGO, influencing both antibacterial 

applications and environmental impact (Mann R., et. al., 2021). Bio-reduced GOs (B-rGO) 

showed strong antibacterial activity against E. coli, evidenced by high LDH release, ROS 

levels, and morphological damage observed via SEM. Despite these effects, its antibacterial 

performance was inferior to commercial rGO. B-rGO's potential for environmental remediation 

is promising (Zhou Y., et. al., 2023). 

 

Graphene-based materials, with unique properties, show promise as antibacterial agents. This 

review highlights advancements in functionalization, biosafety concerns, and the need for 

deeper research into mechanisms and effectiveness (Kumar P., et. al., 2019). GOs nanosheets 

exhibit significant antimicrobial activity against multidrug-resistant (MDR) Gram-negative and 

Gram-positive hospital superbugs such as E. coli, K. pneumoniae, and S. aureus. GO's 

bactericidal effect. It outperforms commonly used antibiotics and shows promise for future 

antibacterial applications. GOs disrupt bacterial cell walls, dissolve genomes, and prevent 

biofilm formation on medical implants, highlighting its potential for antibiofilm surface 

coatings in healthcare to combat implant-related infections (Aunkor M. T. H., et. al., 2020). At 

relatively high concentrations (200 and 400 μg/mL), rGO exhibited antibacterial activity on the 

model bacterium Escherichia coli, while at lower concentrations (10 and 50 μg/mL), 

interestingly, no antibacterial effect was observed. Increasing the concentration to 200 μg/mL, 

rGO saw a ~50% less viable cells after 3 h, and only about a third of the cells were viable in the 

400 μg/mL rGO system. The results indicate the antibacterial effect at the higher rGO 

concentration exposures (Mann R., et. al., 2021).  
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3.2. Materials and methods 

 

3.2.1. Materials 

The materials and methods used for the experiment are- 

 

3.2.1.1. Materials used for thermal reduction of GOs to rGOs 

The chemicals used to perform this 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 ascorbic acid with purity 98%, 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; AR grade orthophosphoric acid with purity 85% 

from Active Fine Chemicals Ltd., Dhaka, Bangladesh; locally available commercial Kerosene 

from Meghna Petroleum Pvt. Ltd. Bangladesh were redistilled before use. 

 

3.2.1.2. Materials used for the antimicrobial activity study of rGOs 

In vitro antibacterial activity was assessed using the agar-well diffusion method. Briefly, 20 ml 

of sterile Mueller-Hinton Agar (MHA) was poured into Petri dishes and allowed to solidify. A 

50 µl aliquot of freshly cultured bacterial suspensions (approximately 105cells/100ml, OD600 

= 0.05) was then evenly spread across the agar surface. Using a sterile cork borer, wells 

measuring 6 mm in diameter were created on the agar surface. Subsequently, 100 µl of 4 

differently concentrated sample solutions (0.5, 1.0, 2.5, and 5.0 mg/ml) were added to the wells. 

A tetracycline solution (Sigma, USA) at a concentration of 0.5 mg/ml in 10% DMSO (w/v) 

served as a positive control, while a solution of 10% DMSO alone was used as the negative 

control. 
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3.2.2. Methods 

The major instrumental and experimental methods used for the conduction of the research are 

described below- 

 

3.2.2.0. Instrumental methods for the analysis of rGOs 

3.2.2.1. Simultaneous thermal analysis (STA) 

The GOs and rGO samples underwent STA analysis to understand their thermal properties. The 

STA analysis was carried out in a STA analyzer (Simultaneous Thermal Analyzer, Beand-

Netzsch, Model-Jupiter F3, Germany) from 30-900 oC. A 3-5 mg sample was placed in the 

sample carrier of the instrument and heated up at the rate of 10 oC/minute in a Nitrogen 

atmosphere. The mass loss, i.e., TGA, along with DSC/DTA data, was recorded with 

temperature in a graph. 

 

3.2.2.2. Measurements of thermal properties with thermogravimetric analyzer (TGA) 

The thermal properties of GOs and rGO were determined using a Thermogravimetric analyzer 

(TGA, Brand: PerkinElmer, Model: Syntrea). Approximately 2.3 mg of the samples was loaded 

into a Platinum crucible and then hung in the balance ring. The samples were subjected to 

heating from RT - 850 oC at a rate of 10 °C per minute with a nitrogen gas flow of 40mL/minute, 

and the resulting mass loss was recorded as Tg-curve against Temperature. 

 

3.2.2.3. FT-IR spectroscopic analysis 

The detailed description of this instrument, including operating conditions of the samples are 

same as the instrumental method described in Chapter 2 (section 2.2.2.4) 

 

3.2.2.4. FT-Raman spectroscopic analysis 

The detailed description of this instrument, including the operating condition of the samples are 

same as the instrumental method described in Chapter 2 (section 2.2.2.5) 

 

3.2.2.5. X-Ray photoelectron spectroscopy (XPS) analysis 

The detailed description of this instrument, including the operating condition of the synthesized 

GOs samples are same as the instrumental method described in Chapter 2 (section 2.2.2.9) 
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3.2.2.6. X-Ray diffraction (XRD) analysis 

The structural characterization of the Gf, prepared GOs, and different rGOs was carried out by 

X-Ray Diffraction (XRD) Analysis. XRD works on the principle of Bragg’s equation, which 

can be described in terms of the reflection of a collimated X-ray beam incident on a crystal 

plane of the sample to be characterized. A beam of X-rays is passed through the specimen and 

is scattered, or diffracted, by the atoms in the path of the X-rays. A small amount of sample was 

vacuum dried and ground using a mortar to achieve a homogeneous fine powder. The powder 

sample was placed in the sample holder and pressed to obtain a smooth surface. To ensure the 

compactness and smoothness of the sample surfaces. The X-ray diffraction analysis of the 

samples was measured using an XRD (XRD, Rigaku, Japan) instrument. Well-dried powdered 

samples were mounted on the sample holder and the sample surface so that the surface became 

smooth and evenly distributed. Then the sample was placed on the instrument and started to 

measure the X-ray diffraction value in 2θ was measured. The sample was run to obtain values 

from 5o to 90o at the rate of 3o/min, and the XRD data obtained were recorded and analyzed. 

 

3.2.2.7. Measurements of the surface area and pore size distribution using the BET 

analyzer 

The specific surface area of the prepared rGO-K220 and rGO-KAA was determined with the 

aid of a BET (Brunauer–Emmett–Teller) Sorptometer (Porous Materials Incorporation, USA). 

0.4066 g sample was placed in a vacuum dryer under 20 microns vacuum at 130 oC then, then 

nitrogen gas flow was passed through the sample holder, and the absorbed gas amount. Pore 

size distribution was estimated using the Barrett–Joyner–Halenda (BJH) method. The micro-

pore surface area values were estimated using the t-plot method. 

 

3.2.2.8. Image analysis using SEM-EDX 

The detailed description of this instrument, including the operating conditions of the 

synthesized rGO samples are same as the instrumental method described in Chapter 2 (section 

2.2.2.8). 

 

3.2.2.9. Antibacterial activity test 

The antibacterial activity was evaluated using 2 Gram-positive bacteria (Bacillus subtilis ATCC 

11774 and Staphylococcus aureus ATCC 9144) and 2 Gram-negative bacteria (Escherichia coli 

ATCC 11303 and Salmonella typhi ATCC 1331). 
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3.2.3.0. Experimental methods for the analysis of rGOs 

3.2.3.1. Synthesis of GOs from graphite following FAL recycling technique 

GOs were synthesized from GP with higher oxygen to carbon ratios using modified Hummer’s 

method, especially modified by Tour, called Tour’s method. In this method, GP was first 

purified by treating it using 5% Hydrochloric acid solution at 98 oC for one hour. After washing 

and drying under vacuum, the GP was oxidized using KMnO4 in feed acid liquor (FAL), which 

was a mixture of Conc. Sulphuric acid and Conc. Phosphoric acid at a ratio of 90:10. A series 

of products were prepared by recycling and reusing the FAL at the optimized reaction 

conditions, and the synthesis procedure was fully described in the article (Hoque M. A., et. al., 

2024) (Xu C., et. al., 2015). The temperature and time of reaction were maintained according 

to the optimized conditions of 70 oC for 14 hours. 

 

Table-3.1: Synthesis of GOs from graphite following modified Tour’s method, adding the 

recycling and reusing the feed acid liquor at a temperature of 70 oC for 14 hours. 

 

Experiments 

No. 

Graphite 

(g) 

KMnO4 

(g) 

Product GOs  

(g) 

Run-1 20.0022 120.0011 16.9485 

Run-2 20.0012 120.0026 16.9109 

Run-3 20.0015 120.0038 16.8901 

 

3.2.3.2. Evaluation of thermal properties to find suitable reduction conditions of GOs  

Synthesized GO samples were first subjected to Simultaneous Thermal Analysis (STA) 

(Figure 3 .1) to evaluate their degradation pattern of the product. From the thermogram, it is 

observed that the GOs are stable below 75 oC and beyond this temperature, a slow and uniform 

rate of mass loss starts. Then a vigorous mass-loss was observed around 193 oC.  Up to the slow 

degradation, total mass losses were about 19%, but at 193.4 oC the GOs degraded vigorously 

with an explosion and showed a sharp mass loss of about 73% showing an exothermic enthalpy 

change. After that, the product remains stable up to 450 oC, and at 474.8 oC, another exothermic 

degradation was observed with mass loss of about 8%. 
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Figure-3.1: Simultaneous thermal analysis (STA) of the GOs product of a) Run-3. 

 

3.2.3.3. Thermal reduction of GOs to rGO in water at 95-98 oC 

From the STA degradation study of the products, it was found that the GOs start to degrade 

over 80 oC. So, to investigate the lower temperature thermal degradation, the products were 

heated in a lower boiling solvent, water, for several days. The degradation reactions were 

carried out on GOs at different time intervals. At first, the GOs were Softly Thermal Treatment 

(STT) at 95-98 oC for a short time (St) = 48 hours and then for long time (Lt) = 96 hours’ 

periods, and the products obtained are Softly reduced rGO (Figure 3.2). To perform these 

operations, about 2.00 g of GOs were treated with STT-St and STT-Lt. The products were then 

cooled to room temperature, centrifuged at 10,000 rpm for 30 minutes, and fridge dried to obtain 

finished partially rGOs rGO-W48 and rGO-W96. The mass losses obtained from the STT 

reduction of the rGO are shown in Table 3.2. 

 

Table-3.2: Lower temperature reduction of GOs in water medium 

Exp. 

ID 

Sample 

ID 

Graphite 

(g) 

Initial XPS 

C:O2 ratio 

Reaction 

temp. (ºC) 

Reaction 

time 

(hrs.) 

Product 

(g) 

Product 

Yield (%) 

Expected 

C:O2 ratio 

STT-St rGO-W48 2.0023 59.97:40.03 95-98 48 1.6958 84.69 70.81:29.19 

STT-Lt rGO-W96 2.0027 59.97:40.03 95-98 96 1.5517 77.48 77.40:22.60 

a) STA-analysis of GOs a) Run-3 
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Figure-3.2: Lower temperature thermal degradation of GOs in water medium for several days.  

 

3.2.3.4. Thermal reduction of GOs to rGO in the kerosene medium 

Considering the thermal degradation pattern in STA analysis from Figure 3.1, an inert solvent 

of a higher boiling point was selected as a hard thermal treatment (HTT) medium is Kerosene. 

This mixture of hydrocarbon solvents possesses higher temperature boiling fractions from 150-

300 oC. From this wide range of boiling fractions, a selective boiling fraction range was 

collected by fractional distillation.  

 

 

Figure-3.3: The fractional distribution of kerosene solvent at different boiling temperature 

ranges, and the portion (marked as blue) was selected as a suitable solvent for thermal reduction 

of GOs. a) Kerosene boiling fraction for 180 oC fraction 170-220 oC was collected. b) Kerosene 

boiling fraction for 220 oC fraction 200-240 oC was collected. 

 

a) Kerosene boiling fraction 180 oC b) Kerosene boiling fraction 220 oC 
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To maintain the reflux bath at a lower temperature (LT), were chosen below 180 oC and for 

Higher Temperature (HT) were chosen 220 oC. To ensure LT, the solvent Kerosene distilled 

fractions between 170-220 oC (Figure-3.3a) were collected, and for the HT fractions between 

200-240 oC (Figure-3.3b) were collected. Figure 3.3 (a) and (b) shows the selective fractional 

distillation of Kerosene for temperatures of 180 oC and 220 oC. The HTT operation was carried 

out on GOs for 1.0 hour only. 

 

 

Figure-3.4: High temperature thermal treatment of GOs at 180 oC and 220 oC in Kerosene for 1.0 

hour.  

 

Figure 3.4 illustrates the higher temperature thermal degradation in inert solvent media, which 

were collected for the thermal degradation of GOs to highly rGO. For conducting the HTT-LT 

operation, about 2.0 g GOs were refluxed under 200 mL of redistilled kerosene in a round-

bottom reflux and heated in a heating mental. After 1 hr. thermal treatment, the reaction mass 

was cooled to room temperature, vacuum filtered, and sun dried for several hrs. to remove traces 

of Kerosene to obtain the product rGO-K180.  
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 In the same way, the HTT-HT operation, also carried out on a 2.0 g GOs sample, was refluxed 

under 200 mL of redistilled kerosene in a round-bottom reflux and heated in a heating mental. 

After 1 hr. thermal treatment, the reaction mass was cooled to room temperature, vacuum 

filtered, and sun dried for several hrs. to remove excess kerosene to obtain the product rGO-

K220. The mass losses obtained from the higher temperature thermal degradation of the 

products, GOs to rGO were recorded in Table 3.3. 

 

Table-3.3: High temperature reduction of GOs at different time periods 

Exp. 

ID 

Product 

ID 

Graphite 

(g) 

Initial XPS 

C:O2 ratio 

Reaction 

Temp. (ºC) 

Reaction 

time (hrs.) 

Product 

rGO (g) 

Product 

Yield (%) 

Expected 

C:O2 ratio 

HTT-LT rGO-K180 2.0014 59.97:40.03 180 1.0 1.3791 68.91 87.03:12.97 

HTT-HT rGO-K220 2.0032 59.97:40.03 220 1.0 1.2842 64.11 93.54:6.46 

 

3.2.3.5. Extreme reduction of GOs to rGO using a two-step reduction  

Figure 3.5 illustrates the higher temperature thermal degradation of GOs to obtain extremely 

rGO. At first, GOs underwent HTT-HT according to the procedure described in Figure 3.4.  

 

Then, after removing kerosene, the product was again treated with ascorbic acid in a water 

medium. The RB flask was again charged with rGO-K220 and ascorbic acid, maintaining the 

ratio about 1:1, and then 100 mL DI water was added, shaken vigorously, and refluxed for 4.0 

hours. After reduction, the products were washed 8-10 times with distilled water followed by 

centrifugation to remove all the chemical remains in it, and then were fridge dried to obtain 

extremely rGO and termed as rGO-KAA. 
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Figure-3.5: Extreme reduction of GOs by higher temperature thermal degradation, and then 

with ascorbic acid in water. 

 

Table-3.4: Extreme reduction of GOs by the double reduction system. 

Experiments 

ID 

GOs 

(g) 

Initial XPS 

C:O2 ratio 

Ascorbic 

acid (g) 

Reaction 

Time (hrs.) 

Reaction 

Temp. (oC) 

Product 

(g) 

Product 

Yield (%) 

Expected 

C:O2 ratio 

rGO-KAA1 2.0029 

59.97:40.03 

2.0028 1 + 4 220 & 98 1.2217 60.99 98.32:1.68 

rGO-KAA2 2.0024 2.0022 1 + 4 220 & 98 1.2199 60.92 98.44:1.56 

 

The above two samples produced a similar percentage of products, so they were mixed for 

characterization and named as rGO-KAA. 
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3.2.3.6. Antibacterial activity assessment of rGO-K220 and rGO-KAA 

In vitro antibacterial activity was assessed using the agar-well diffusion method. Briefly, 20 ml 

of sterile Mueller-Hinton Agar (MHA) was poured into Petri dishes and allowed to solidify. A 

50 µL aliquot of freshly cultured bacterial suspension (approximately 105 cells/100 mL, OD600 

= 0.05) was then evenly spread across the agar surface. Using a sterile cork borer, wells 

measuring 6 mm in diameter were created on the agar surface. Subsequently, 100 µL of four 

differently concentrated sample solutions (0.5, 1.0, 2.5, and 5.0 mg/mL) were added to the 

wells. A tetracycline solution (Sigma, USA) at a concentration of 0.5 mg/ml in 10% DMSO 

(w/v) served as a positive control, while a solution of 10% DMSO alone was used as the 

negative control. The plates were incubated for 24 hours at 37 °C, after which the zones of 

inhibition were measured in millimeters. Each experiment was conducted in triplicate for both 

the rGO dispersions and controls, with results reported as mean ± standard deviation (SD). 
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3.3. Results and discussion 

 

3.3.1. Effect of different thermal reduction procedure 

The GOs were synthesized following Tour’s method, where the reaction conditions were 

maintained at 70 oC for 12 hours provides which was the optimized reaction condition (Hoque 

MA, 2024). All the products GOs were produced in similar yields between 168.5-169.5% and 

all of them are hydrophilic in nature (table-1). The product's uniformity was assured by 

controlling the reaction conditions by applying the feed acid liquor recycling technique. So, all 

the products were mixed, named as GOs, and used as a feed material for different reduction 

experiments. In case of STT-St operation, the product rGO-W48 yield was 87.24% but in STT-

Lt the product rGO-W96 yield was 79.53%. So, the thermal reduction in water degradation 

increases with time with retaining their hydrophilic properties due to the polar medium. In the 

case of HTT-ST, the product rGO-K180 yield was 70.53% in 1.0 hour, but in HTT-LT, the 

product rGO-K220 was 65.51% in 1.0 hour.  

 

Figure-3.6: a) Hydrophilic rGO and b) Hydrophobic rGO [1) side view, 2) top view] 

 

So, the thermal reduction in Kerosene degradation increases with temperature. The hydrophilic 

nature of the kerosene-reduced rGO was converted to hydrophobic due to the removal of plenty 

of oxygen-containing groups on the surface. As it was not removed completely, it was soaked 

after prolonged exposure to water.   
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In case of extreme reduction of GOs, the products were thermally treated in two different 

methods in two stages consecutively to have the extremely reduced GOs product rGO-KAA, 

and the product yield was 60.95%. The thermal treatment with Kerosene converts the product 

to a hydrophobic character from hydrophilic, but due to the Ascorbic Acid treatment, it becomes 

hydrophilic again. Figure 3.6 shows the hydrophilic and hydrophobic nature of rGO (Faisal S, 

et. al., 2023). 

 

3.3.2. Characterization of synthesized rGOs 

The characterization of thermally and thermos-chemically reduced rGO was carried out using 

the following state-of-the-art instruments- 

 

3.3.2.1. FT-IR spectroscopic analysis  

The Fourier-transform infrared (FT-IR) spectra were recorded for synthesized GOs and rGOs 

obtained under different soft thermal treatment (STT) and hardly thermal treatment (HTT) 

conditions, as well as various reduction parameters, including time, temperature, and medium 

variations. The FT-IR analysis revealed significant variations in the absorption spectra, 

highlighting the chemical transformations of functional groups during the reduction processes. 

As shown in Figure 3.7, fresh GOs exhibited a broad and intense absorption peak within the 

range of 3175–3530 cm⁻¹, corresponding to hydroxyl (-OH) functional groups (Xu C, et. al., 

2015) (Xu C, 2015) (Khalili D., et. al., 2016) (Khalili D., 2016) (Faniyi IO, et. al., 2019) (Faniyi 

IO, 2019). These groups are characteristic of functionalized hydroxyl moieties introduced 

during the oxidation process. However, upon thermal treatment for reduction, the hydroxyl 

absorption peak diminished progressively. Specifically, under STT conditions, prolonged 

exposure to heat resulted in a gradual disappearance of this peak, whereas at HTT conditions, 

the peak was nearly eliminated, reflecting the removal of hydroxyl groups. Additionally, a sharp 

absorption peak observed around 1704–1720 cm⁻¹ was attributed to carboxyl (>C=O) 

functional groups, while another prominent peak at 1591–1620 cm⁻¹ corresponded to the 

stretching and bending vibrations of conjugated carbon-carbon double bonds (C=C). These two 

peaks demonstrated high thermal stability, as they persisted under STT conditions even after 

extended heating durations, although significant reductions in intensity were observed under 

HTT, with the carboxyl peak almost completely removed. Two shorter absorption peaks, 

identified at approximately 1354–1394 cm⁻¹ and 1237–1262 cm⁻¹, corresponded to etheric 

oxygen (C-O-C) and hydroxyl (-OH) stretching modes, respectively. These peaks also showed 
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tendencies to diminish during prolonged heating, particularly under HTT. The etheric oxygen 

peak, in particular, became undetectable under high-temperature conditions, indicating the loss 

of oxygen functionalities. Furthermore, a sharp and intense absorption peak located around 

1048–1057 cm⁻¹ was attributed to the vibrational modes of the C–O bond. This peak exhibited 

notable reductions in intensity with increasing temperature or extended heating duration, 

though it was not eliminated under STT conditions, suggesting some structural resistance. 

Continuous heating of the GOs led to a gradual decrease in the intensity of all oxygen-

associated functional groups, confirming their thermal instability. Notably, the peaks at  

3175–3230 cm⁻¹ and 1048–1057 cm⁻¹ diminished more rapidly compared to others, indicating 

that hydroxyl (-OH) groups are particularly susceptible to thermal decomposition, even at lower 

temperatures, likely due to the weaker bond formation between hydroxyl groups and the 

graphenized carboxylic carbon atoms. The next weakest groups, namely ketone (>C=O) and 

epoxy (=C–O–C=) bonds, also displayed tendencies to disappear during prolonged heating at 

lower temperatures, with complete removal observed under HTT. The products obtained under 

HTT conditions exhibited a dramatically altered spectral pattern, with most oxygen 

functionalities removed. Specifically, the broad absorption peak for hydroxyl groups at  

3175–3230 cm⁻¹ shifted to 3400–3550 cm⁻¹, reflecting changes in the remaining hydroxyl 

groups. The sharp carboxyl absorption peak at 1704–1720 cm⁻¹ was eliminated under HTT, 

indicating complete decarboxylation. Meanwhile, the C=C peak at 1591–1620 cm⁻¹ shifted to 

approximately 1650 cm⁻¹ and became shorter and sharper, suggesting structural modifications 

in the graphene lattice. Another significant change was observed in the C–O absorption peak, 

which shifted from 1050 cm⁻¹ to 1150 cm⁻¹ and transformed into a sharper peak, indicative of 

a new vibrational mode or structural rearrangement. Other spectral peaks, including those 

corresponding to etheric oxygen (C-O-C) and hydroxyl (-OH) bonds, were absent under HTT 

conditions, confirming their complete thermal decomposition. These findings reveal that HTT 

induces more extensive reduction and structural transformation than STT, resulting in rGO with 

minimal oxygen-containing groups. The progressive reduction of functional groups observed 

in FT-IR spectra provides insights into the thermal stability and reduction pathways of GOs. 

Hydroxyl (-OH) and C–O groups exhibited the highest susceptibility to thermal degradation, 

while carboxyl (>C=O) and epoxy (=C-O-C=) groups demonstrated greater stability under 

moderate thermal conditions but were eventually removed at higher temperatures. Comparative 

analysis of STT and HTT products revealed similar trends in the reduction of oxygen-

containing groups, albeit with varying extents of transformation. Under HTT conditions, the 
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majority of functional groups were removed, and the resulting rGO exhibited sharper and more 

defined spectral features, indicative of a more graphenized structure. This analysis highlights 

the importance of optimizing thermal reduction parameters to achieve the desired balance 

between the removal of oxygen functionalities and the preservation of graphene’s structural 

integrity, offering valuable insights for tailoring rGO for specific applications in areas such as 

energy storage, catalysis, and electronics. These observations are consistent with previous 

studies on the thermal reduction of GOs, which also reported the removal of hydroxyl, carboxyl, 

and etheric oxygen groups at elevated temperatures (Ickecan D., et. al., 2017), (Gensheimer J., 

et. al., 2015), (Jiao X, et. al., 2017). Furthermore, the results confirm that chemically converted 

GOs produced under different conditions share similar spectral characteristics, underscoring 

the reproducibility and scalability of the reduction process for rGO synthesis. By systematically 

analyzing the FT-IR spectra, this study provides a comprehensive understanding of the 

chemical transformations and thermal stability of GOs under varying treatment conditions, 

contributing to the broader field of graphene-based material research.  

 

Figure-3.7: FT-IR spectral analysis of the products GOs and different rGO obtained by different 

thermal reductions with various conditions: (a) Fresh GOs, (b) rGO-W48, (c) rGO-W96, (d) 

rGO-K180, (e) rGO-K220, and (f) rGO-KAA. 

 

The effect of continuous heating of the GOs results in all the oxygen-associated functional 

groups tending to decrease gradually with time. Especially, the peaks at 3175–3230 cm-1 and 

1048–1057 cm-1 tend to disappear faster than the other peaks, which means a typical form of 
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functionalized hydroxyl (-OH) groups is very weak to split rapidly even at STT heating due to 

weaker bond formation with graphenized carboxylic carbon atom. Then other weaker bones in 

GOs are ketone >(C=O) and epoxy > < oxygen bond, which also has a tendency to show 

disappearance on longer time, lower temperature heating. Similarly, at the HTT operation, the 

products were completely changed, and the products showed a similar type of spectral pattern 

in Figure 3.7. A broad absorption peak at 3175–3230 cm-1 corresponding to different 

functionalized hydroxyl (-OH) groups changes shifted to 3400-3550 cm-1. A sharp absorption 

peak at around 1704–1720 cm-1, which is attributed to the formation of carboxyl groups 

(>C=O), was completely removed. But another peak at 1591–1620 cm-1 was shifted to 1650 

cm-1 and changed to a shorter and sharper peak. Another significant change in the absorption 

peak at 1050 cm-1 was shifted to 1150 cm-1, and a change to a sharp peak also. Other spectral 

peaks were completely disappeared in all cases. From this analysis, it can be concluded that 

different forms of chemically converted GOs were produced, similar to types of rGO. 

 

 3.3.2.2. FT-Raman spectroscopic analysis  

 

Figure-3.8: FT-Raman spectrum of GO and different rGOs. 

The reduced rGO samples were characterized using FT-Raman spectroscopy (Figure 3.8), 

revealing two prominent bands in the spectra, located at approximately 1345 cm⁻¹ and 1605 

cm⁻¹. The band at ~1345 cm⁻¹, referred to as the D band, originates from structural defects and 

imperfections, including graphitic edges and disordered carbon structures. Conversely, the band 
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at ~1605 cm⁻¹, known as the G band, is associated with the in-plane vibrational modes of 

sp²-hybridized carbon atoms within the graphite lattice. Together, these bands serve as critical 

indicators of the structural integrity and composition of the material. The intensity ratio of the 

G band to the D band (IG/ID) provides valuable insights into the degree of structural order in the 

rGO samples. This ratio varies substantially with the extent of reduction, offering a measure of 

changes in defect density and the re-establishment of graphitic domains. Specifically, higher 

(IG/ID) values indicate an enhanced graphitic order, which is typically attributed to the removal 

of oxygen-containing functional groups and the repair of structural defects during the reduction 

process. In contrast, lower IG/ID values signify a higher degree of disorder, reflecting increased 

defect density or incomplete restoration of graphitic regions (David L. D., et. al., 2017). 

Analyzing the spectral features and the IG/ID ratio enables a comprehensive understanding of 

the reduction process and its impact on the structural evolution of rGO. This approach provides 

crucial insights into the relationship between the chemical and structural properties of rGO, 

facilitating its optimization for specific applications. Such characterizations are essential for 

tailoring the material properties to meet the demands of various advanced technologies, 

including energy storage, catalysis, and environmental remediation. The detailed analysis of 

Raman spectra thus plays a pivotal role in understanding and improving the performance of 

rGO-based systems (Farah S., et. al., 2020). 

 

3.3.2.3. Thermogravimetric analysis (TGA) 

Figure-3.9. shows the thermogravimetric analysis (TGA) graph of all the synthesized products 

as GOs, rGO-W48, rGO-W96, rGO-K180, rGO-K220, and rGO-KAA. TGA graph of pure GOs 

shows a steady mass loss of GOs with the increase in temperature up to 200 oC. Total mass loss 

at this point is about 25%. At 200 oC, a sudden sharp fall of the graph with an upward notch 

indicates the explosive degradation of the GOs and the mass loss of about 60%. As the 

synthesized GOs contain a higher percentage of Oxygen and at higher temperatures, this 

Oxygen influences the graphenized carbon to degrade explosively. The rest 5% graphitic carbon 

degrades steady state way up to the temperature 600 oC, and at 850 oC, the incombustible matter 

content up to 850 oC was about 1.475% (Feng H., et. al., 2013), (Machado P. B., et. al., 2024).  
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Figure-3.9: The thermogravimetric analysis (TGA) of synthesized GOs and five rGO samples. 

 

In the case of rGO-W48, the initial mass loss pattern was similar to GOs, but the loss rate and 

percentage were increased to about 35%. This is because of the conversion of some carbonyl 

(>C=O) or epoxy (C-O-C) groups to hydroxyl groups, which tends to degrade rapidly, and the 

phenomenon was also observed and supported by FT-IR analysis. Then another mass loss is 

observed about 20% between 215-250 oC, which was supposed to be -O- and -OH 

functionalized graphene. The rest 40% mass, which was supposed to be graphenized carbon 

and was stable up to a temperature of 480 oC, then another mass loss was observed between 

480-615 oC, which was about 5%. After this portion, the residual incombustible matter content 

up to 850 oC was about 0.431%. In the case of rGO-W96, the initial mass loss pattern was 

similar to rGO-W48. The initial steady-state mass loss up to 200 °C was approximately 25%, 

followed by a regular mass loss at 200-230 °C of about 30%. Then a slow degradation was 

observed between 230-495 oC, a mass loss of about 5%, then another significant mass loss at 

495-595 oC mass loss of about 40% which was supposed to be graphenized carbon, and then 

the residual incombustible matter content up to 850 oC was about 0.25%. In the case of rGO-

K180, the initial mass loss pattern was changed from rGO-W48 or rGO-W96. The initial steady-

state mass loss up to 90 oC was about 12% then a slow and steady mass loss from 90-440 oC 

was about 28% occurred, which was supposed to be -O- and -OH functionalized graphene. Then 

a massive degradation was observed between 510-625 oC, a mass loss of about 60%, which was 

supposed to be graphenized carbon, and then the residual incombustible matter content up to 

Temperature (oC) 

T
G
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850 oC was about 0.25%. In the case of rGO-K220, the initial mass loss pattern was similar to 

rGO-K180. The initial steady-state mass loss up to 120 oC was about 5%, then a short mass loss 

from 120-150 oC up to 5 %, then a slow and steady mass loss from 150-450 oC was about 18% 

occurred, which was supposed to be -O- and -OH functionalized graphene. Then a massive 

degradation was observed between 450-615 oC, a mass loss of about 67%, which was supposed 

to be graphenized carbon, and then the residual incombustible matter content up to 850 oC was 

about 4.5%. In the case of rGO-KAA, the initial mass loss pattern was similar to rGO-K220. 

The initial steady-state mass loss up to 120 oC was about 5%, then a slow and steady mass loss 

from 120-460 oC was about 18% occurred, which was supposed to be -O- and -OH 

functionalized graphene. Then a massive degradation was observed between 460-635 oC, mass 

loss of about 72%, which was supposed to be graphenized carbon, and then the residual 

incombustible matter content up to 850 oC was about 5.0%. 

 

3.3.2.4. X-ray photoelectron spectroscopic (XPS) analysis 

 

Figure-3.10: XPS survey scan spectral peak analysis of GO3, rGO-W48, rGO-W96, rGO-K180, 

rGO-K220, and rGO-KAA. 

 

Figure 3.10. illustrates the Competitive XPS Spectrum analyses of all the synthesized products 

as GOs, rGO-W48, rGO-W96, rGO-K180, rGO-K220, and rGO-KAA. From Figure 3.11, it 

was found that the initial composition of the pure GOs sample contains carbon-59.97% and 

oxygen-40.03%, i.e., the initial oxygen to carbon ratio was 66.75% (Table 3.5). After STT-St 
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treatment of the product, GOs were reduced partially in water to rGO-W48, and the composition 

of the reduced product was obtained as carbon- 68.78% and oxygen- 31.22%; i.e., the oxygen 

to carbon ratio in the product was 45.39%. So, the STT-St treatment reduces more than 32% of 

the oxygen content. Then that STT-Lt treatment of the product GOs was also reduced partially 

in water to rGO-W96, and the composition of the reduced product was obtained as carbon- 

75.37% and oxygen- 24.63%; i.e., the oxygen to carbon ratio in the product was 32.68%. STT-

St treatment of the GOs with 66.75% Oxygen reduced more than 51% of the oxygen content 

were reduced.  

 
 

Figure-3.11: O2 content in the rGO after treatment and O2 % reduction 

 

After the HTT-LT treatment, GOs product of 66.75% oxygen was highly reduced to rGO-K180 

with a composition of carbon- 84.91% and oxygen- 15.09%; i.e., the oxygen to carbon ratio in 

the product was 17.77%. So, the treatment procedure reduced more than 73% of the oxygen 

content. Then the HTT-HT treatment GOs product of 66.75% oxygen was highly reduced to 

rGO-K220 with composition carbon- 91.86% and oxygen- 8.14%; i.e., the oxygen to carbon 

ratio in the product was 8.86%. So, the treatment procedure reduced more than 86% of the 

oxygen content. Finally, the double reduction methods reduce the product GOs from 68.78% 

oxygen content to product rGO-KAA with composition carbon- 97.57% and oxygen- 2.43%; 

i.e., the oxygen to carbon ratio in the product was 2.49%. So, the treatment procedure reduced 

more than 96% of the oxygen content. 

 

 

% 

Product rGOs 
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Table-3.5: XPS survey scan spectral peak analysis of GOs, rGO-W48, rGO-W96, rGO-K180, 

rGO-K220, rGO-KAA. 

Sample ID 
Treatment 

Method 

Binding Energy 

eV 

Response Peak Area 

(N) TPP-2M 

Composition 

Atomic % 
Oxygen 

to Carbon 

ratio % C1s O1s C1s O1s C1s O1s 

GOs Tour’s 287.08 533.08 317489 639510 59.97 40.03 66.75 

rGO-W48 STT-St 286.56 533.17 32729.89 14854.4 68.78 31.22 45.39 

rGO-W96 STT-Lt 285.93 533.20 35683.09 11658.46 75.37 24.63 32.68 

rGO-K180 HTT-LT 285.03 532.73 33942.62 6032.44 84.91 15.09 17.77 

rGO-K220 HTT-HT 284.92 532.21 23349.67 2067.71 91.86 8.14 8.86 

rGO-KAA 
Double 

reduction 
285.09 532.80 356281.23 8856.58 97.57 2.43 2.49 

 

From the narrow-spectrum analysis of the above XPS spectrum of GOs, rGO-W48, rGO-W96, 

rGO-K180, rGO-K220, and rGO-KAA samples were found after deconvolutions of the 

respective spectra. Deconvolution of the carbon and oxygen peaks of the products is listed in 

Table 3.6.  

 

The deconvolution of the Carbon peak of GOs sample about five different functional carbon 

atoms (including satellite peak) were obtained (Table-3.6 and 3.7), in which C1s peak at BE 

284.21 represents Graphene Carbon- 12.67%, at BE 284.99 represents C-C functional group- 

12.85%, at BE 286.75 represents C-O functional group- 54.49%, at BE 288.80 represents >C=O 

functional group- 17.57% and at BE 290.76 a Carbon Satellite peak of 2.41%. On the other 

hand, the deconvolution of the Oxygen peak of the GOs sample about three different functional 

Oxygen bonds was obtained, in which the O1s peak at BE 532.81 represents > < bonds- 

76.74%, at BE 534.68 represents C=O functional group- 5.50% and at BE 536.08 represents 

(H-O-C=O) functional group- 17.76%. 

 

Similarly, the deconvolution of the Carbon peak of the rGO-W48 sample about four different 

functional carbon atoms was obtained, in which the C1s peak at BE 284.16 represents Graphene 

Carbon- 2.58%, at BE 285.07 represents C-C functional group- 40.42%, at BE 287.32 

represents C-O functional group- 43.44% and at BE 289.06 represents C=O functional group- 

8.92%. On the other hand, the deconvolution of the Oxygen peak of the GOs sample about two 

different functional Oxygen bonds was obtained, in which the O1s peak at BE 531.08 represents 

C-O/O-H bonds- 3.98% and at BE 533.08 represents > < functional group- 96.02%. 
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In the same, the deconvolution of the Carbon peak of the rGO-W96 sample about four different 

functional carbon atoms peaks (including satellite peak) were obtained, in which the C1s peak 

at BE 284.8 represents Graphene Carbon- 51.27%, at BE 286.76 represents C-O functional 

group- 24.17% and at BE 288.75 represents C=O functional group- 13.75%. On the other hand, 

the deconvolution of the Oxygen peak of the GOs sample about three different functional 

Oxygen bonds was obtained, in which the O1s peak at BE 531.27 represents C-O/O-H bonds- 

9.18%, at BE 532.94 represents > < bonds- 85.22% and at BE 536.28 represents H-O-

C=O functional group- 5.60%. 

 

Again, the deconvolution of the Carbon peak of rGO-K180 sample about five different 

functional carbon atoms (including satellite peak) were obtained, in which C1s peak at BE 

284.61 represents Graphene Carbon- 89.97%, at BE 285.52, represents C-C functional group- 

1.51%, at BE 286.47 represents C-O functional group- 0.86%, at BE 288.77 represents >C=O 

functional group- 4.02% and at BE 290.67 a Carbon Satellite peak- 4.64%. On the other hand, 

the deconvolution of the Oxygen peak of the GOs sample about two different functional Oxygen 

bonds was obtained, in which the O1s peak at BE 531.63 represents C-O/O-H bonds- 63.38% 

and at BE 533.12 represents > < functional group- 36.62%. 

 

Further, the deconvolution of the Carbon peak of the rGO-K220 sample about four different 

functional carbon atoms was obtained, in which the C1s peak at BE 284.54 represents Graphene 

Carbon- 51.28%, at BE 284.91, represents C-C functional group- 47.51%, at BE 288.26 

represents C=O functional group- 1.02% and at BE 290.92 a Carbon Satellite peak- 0.19%. On 

the other hand, the deconvolution of the Oxygen peak of the GOs sample about two different 

functional Oxygen bonds was obtained, in which the O1s peak at BE 531.70 represents 

C-O/O-H bonds- 52.22% and at BE 533.18 represents > < functional group- 47.78%. 
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Table-3.6: XPS narrow spectrum of GO3, rGO-W48, rGO-W96, rGO-K180, rGO-K220 and rGO-

KAA 

*eV =Binding Energy in eV, *Gr=Graphenized carbon. 

Sample ID: GOs 

C1s O1s 

Graph eV* Area % Graph eV* Area % 

 

284.21, Graphene Carbon 12.67 

 

532.81, > < 
76.74 

284.99, C-C 12.85 

286.75, C-O 54.49 534.68 C=O 5.50 

288.80, C=O 17.57 536.08, (H-O-C=O) 17.76 

290.76, Satellite 2.41 

Sample ID: rGO-W48 

C1s Area % O1s Area % 

 

284.16, Graphene Carbon 2.58 

 

531.27, (C-O/O-H) 9.18 

285.07, C-C 40.42 532.94, > < 
85.22 

287.32, C-O 43.44 
536.28 (H-O-C=O) 5.60 

289.06, C=O 8.92 
  

Sample ID: rGO-W96 

C1s Area % O1s Area % 

 

284.8 Graphene Carbon 51.27 

 

531.08, (C-O/O-H) 3.98 

286.76 (C-O) 24.17 
533.08, > < 

96.02 

288.75, (C=O) 13.75   

291.58, Satellite 10.81   

Sample ID: rGO-K180 

C1s Area % O1s Area % 

 

284.61, Graphene Carbon 89.97 

 

531.63, (C-O/O-H) 63.38 

285.52, C-C 1.51 533.12, > < 
36.62 

286.47, C-O 0.86   

288.77, C=O 4.02   

290.67, Satellite 4.64   

Sample ID: rGO-K220 

C1s Area % O1s Area % 

 

284.54, Graphene Carbon 51.28 

 

531.70, (C-O/O-H) 52.22 

284.91, C-C/C-H 47.51 
533.18, > < 

47.78 

288.26, C=O 1.02   

290.92, Satellite 0.19   

Sample ID: rGO-KAA 

C1s Area % O1s Area % 

 

284.61, Graphene Carbon 92.36 

 

533.10, > < 
100.00 

285.52, C-C/C-H 1.18 

286.47, C-O 3.33 

290.67, Satellite-1 2.84 
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Table-3.7: XPS narrow spectrum analysis of GO3, rGO-W48, rGO-W96, rGO-K180, rGO-

K220 and rGO-KAA and deconvoluted table 

 

At last, the deconvolution of the Carbon peak of Kerosene and Ascorbic acid reduced rGO-

KAA sample about four different functional carbon atoms were obtained, in which C1s peak at 

BE 284.61 represents Graphene Carbon- 92.36%, at BE 285.52, represents C-C functional 

group- 1.18%, at BE 286.47 represents C-O functional group- 3.33% and at BE 290.67 a Carbon 

Satellite peak- 2.84%. On the other hand, the deconvolution of the Oxygen peak of the GOs 

sample about one type of Oxygen functional bonds was obtained, in which the O1s peak at BE 

533.10 represents >C=O bonds- 100.00%. 

 

3.3.2.5. XRD analysis 

The XRD analysis of five samples, presented in Figure 3.12 and Table 3.8, reveals that the 

graphite sample displays a sharp peak at 2θ = 26.39°, corresponding to an interplanar distance 

of d = 3.35 Å. This indicates that the sample is highly crystalline, with its structure aligned 

along the (002) plane, representing the ideal interlayer spacing for graphite. The sharpness of 

the peak and the precise interplanar spacing confirm the presence of 100% graphitic carbon in 

the sample. These characteristics highlight the sample's excellent structural order, which is 

essential for applications requiring high thermal, electrical, and mechanical performance. For 

GOs (GOs-7014), the sharp XRD peak observed for graphite at 2θ = 26.39° disappears entirely, 

and it is replaced by two broad spectra. The first, a prominent broad peak, is observed at 2θ = 

11.76° with an interplanar spacing of d = 7.55 Å. The second, a smaller broad peak, appears at 

2θ = 42.97° with an interplanar spacing of d = 3.07 Å. The area composition of these two peaks 

is 92.13% and 7.87% respectively. These peaks correspond to the (001) and (100) planes, 

  O-C=O 5.6 
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respectively, and indicate an amorphous-like structure with diversified nano-crystallinity. This 

behavior reflects the inhomogeneous and disordered characteristics typical of GOs. The absence 

of sharp peaks confirms that the sample is entirely composed of 92% GOs, with no crystalline 

graphite present (Saini B., et. al., 2021), (Leonardi A, et. al., 2020), (Hidayah N. M., et. al., 

2017), (Das P, et. al., 2021), (Johra F. T., et. al., 2014). 

 

The thermal reduction of the GOs sample (GOs-7014) in water to rGO-W48 and rGO-W96 

resulted in a significant reduction of the characteristic peaks of GOs-7014, with the graphenized 

carbon peak around the (002) plane reappearing. For the rGO-W48 sample, three distinct peaks 

were observed. Two prominent peaks, corresponding to the GOs-7014 sample, remained 

unchanged, one at 2θ = 10.67° with an interplanar distance of d = 8.64 Å representing the (001) 

plane, and another at 2θ = 42.67° with d = 2.14 Å, associated with the (100) plane. The area 

composition of these three peaks is 63.02% and 6.21% respectively.  

 

Additionally, a new broader peak appeared at 2θ = 30.98° with an interplanar distance of  

d = 4.32 Å. This peak corresponds to the (002) plane, indicating the partial formation of rGO 

in the rGO-W48 sample. The analysis of these peaks suggests that the composition of the 

sample includes 30.77% rGO. The area composition of these three peaks is 63.02%, 30.77% 

and 6.21% respectively. That means the 48 hours thermal treatment of GOs in water, 30.77 % 

rGO was formed. These findings highlight the inhomogeneous and disordered amorphous 

structure characteristic of partially rGO, with contributions from both GOs and rGO phases, 

reflecting the intermediate stage of reduction (Leonardi A, et. al., 2020), (Hidayah N. M., et. 

al., 2017). 

 

After prolonged reduction of the GOs-7014 sample to form rGO-W96, notable changes were 

observed in the XRD peaks, reflecting the transition from GOs to rGO. The characteristic GOs 

peak at 2θ = 11.34°, corresponding to the (001) (Ruzhenu X., 2025) plane with an interplanar 

distance of d = 8.29 Å, became shorter and significantly broader, indicating a decrease in the 

order of the GOs structure. Similarly, the smaller broad peak at 2θ = 43.12°, associated with 

the (100) plane with d = 2.12 Å, remained consistent with the GOs-7014 sample. 
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Figure-3.12: XRD analysis of Graphite, GOs, and different thermally treated rGO peaks. 

 

In contrast, the rGO characteristic peak at 2θ = 25.36°, corresponding to the (002) (Ruzhenu 

X., 2025) plane with an interplanar distance of d = 3.58 Å, became more pronounced, increasing 

in both height and breadth. This change signifies enhanced conversion of GOs to rGO. The 

composition of the rGO-W96 sample was determined to be 24.38% GOs, 65.77% rGO, and 

9.85% Satellite peaks of carbon residue, reflecting the substantial progress of the reduction 

process (Das P., et. al., 2021). During the high-temperature thermal reduction of the GOs 

sample to form rGO-K180, significant changes in the XRD peaks were observed, indicating the 

transformation from GOs to rGO. The pronounced GOs peak at 2θ = 11.77°, corresponding to 

the (001) (Ruzhenu X., 2025) plane with an interplanar distance of d = 7.55 Å, became shorter, 

reflecting a reduction in the structural order of the GOs. Meanwhile, the smaller broad peak at 

2θ = 43.08°, associated with the (100) (Ruzhenu X., 2025) plane and an interplanar distance of 

d = 2.105 Å, remained similar to that of the original GOs sample. 

 

In contrast, the rGO characteristic peak at 2θ = 25.17°, corresponding to the (002) (Ruzhenu 

X., 2025) plane with an interplanar distance of d = 3.56 Å, became significantly more 

pronounced, with increased height and broadness. This observation indicates a substantial 

increase in the conversion of GOs to rGO. The composition of rGO-K180 was determined to 

be 15.88% GOs, 77.81% rGO, and 6.31% Satellite peaks of carbon residue with enhanced 

structural properties (Johra F. T., et. al., 2014).  
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Table-3.8: XRD pattern of different GOs and softly and hardly treated rGO peaks from in water 

and kerosene medium. 

Sample ID 
2 θ (2 Theta) 

At (001) plane At (002) plane At (100) plane 

Graphite - 

26.39 

100% 

3.35 

- 

GO 

11.76 

92.13% 

(7.55) 

- 

42.97 

7.87% 

(3.07) 

rGO-W48 
10.67 

63.02% 

(8.64190) 

30.98 

30.77% 

(4.32000) 

42.67 

6.21% 

(2.13903) 

rGO-W96 
11.34 

24.38% 

(8.29) 

25.36 

65.77% 

(3.58200) 

43.12 

9.85% 

(2.12478) 

rGO-K-180 
11.77 

15.88% 

(7.55) 

25.17 

77.81% 

(3.56198) 

43.08 

6.31% 

(2.105) 

rGO-K220 
12.86 

12.66% 

(6.590) 

24.91 

84.00% 

(3.555) 

42.85 

3.3% 

(2.105) 

rGO-KAA 
13.46 

9.81% 

(6.590) 

25.07 

88.16% 

(3.53300) 

43.06 

2.03% 

(2.105) 
 
 

At a higher temperature, the thermal reduction of the GOs sample to rGO-K220 led to 

significant transformations in the XRD peaks, indicative of the conversion from GOs to rGO. 

The characteristic GOs peak at 2θ = 12.86°, corresponding to the (001) (Ruzhenu X., 2025) 

plane with an interplanar distance of d = 6.59 Å, became shorter and broader, signifying further 

disruption of the GOs structure. Similarly, the small, broad peak at 2θ = 42.85°, associated with 

the (100) plane and an interplanar distance of d = 2.105 Å, remained consistent with the original 

GOs sample. 

 

In contrast, the rGO characteristic peak at 2θ = 24.91°, corresponding to the (002) plane with 

an interplanar distance of d = 3.555 Å, showed a substantial increase in height and breadth. This 

reflects enhanced conversion of GOs into rGO, showing improved structural regularity of the 

reduced material. The composition of the rGO-K220 sample was determined to be 

predominantly rGO (84.00%), indicating a high degree of reduction and excellent structural 

refinement (Siburian R, et. al., 2018). The residual GOs were 12.66% and 3.34% Satellite peaks 

of carbon residue. 
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The thermochemical double degradation reduction of the GOs sample to rGO-KAA resulted in 

changes in the XRD peaks, highlighting the conversion from GOs to rGO. The characteristic 

GOs peak at 2θ = 13.46°, corresponding to the (001) plane (Ruzhenu X., 2025) with an 

interplanar distance of d = 6.59 Å, became shorter and less broad, indicating a reduction in the 

structural order of the GOs. The small, broad peak at 2θ = 43.06°, associated with the (100) 

plane (Ruzhenu X., 2025) an interplanar distance of d = 2.105 Å, remained largely unchanged, 

reflecting the persistence of GOs characteristics. 

 

Conversely, the rGO characteristic peak at 2θ = 25.07°, referring to the (002) plane with an 

interplanar distance of d = 3.533 Å, showed a significant increase in both height and broadness, 

indicating a high conversion of GOs to rGO. This confirms that the composition of the rGO-

KAA sample includes both GOs and rGO, with the exact proportion depending on the thermal 

condition. The results underscore the critical role of thermal treatment in achieving the desired 

reduction of GOs to rGO. The composition of rGO-K180 was determined to be 9.81% GOs, 

88.16% rGO, and 2.03% Satellite peaks of carbon residue with enhanced structural properties. 

 

3.3.2.6. SEM image analysis of different GO and rGOs products 

 
 

Figure-3.13: SEM Image analysis of different Soft and Hard treated GOs and rGO: A) GOs, B) 

rGO-W48, C) rGO-W96, D) rGO-K180, E) rGO-K220, F) rGO-KAA. 
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Figure 3.13 shows the microstructure of precursor graphite particles before and after chemical 

processing, as observed by FE-SEM. The as-received graphite powder exhibits an irregular, 

flaky morphology typical of graphite. The accompanying XRD analysis in Figure 3.12 shows 

only a carbon peak, confirming the purity of the starting graphite powder. Quantitative analysis 

revealed that the precursor graphite contains up to 98% carbon, aligning with the XPS results. 

The thickness measured in the images was 9-19 nm. These findings suggest that the 

commercial-grade graphite powder does contain impurities, though minimal. While these 

impurities could extend the processing time required to remove them, they are unlikely to 

negatively impact the quality of the resulting graphene. This indicates that, despite the 

impurities, the graphite used is of sufficiently high quality for graphene production, and the 

chemical processing can effectively purify the material without compromising the final product 

(Khan Q. A., et. al., 2017), (Wilson N., et. al., 2009), (Zhang W, et. al., 2022), 

(Abdolhosseinzadeh S. H., et. al., 2015), (Viswanathan A., et. al., 2024). 

 

3.3.2.7. TEM image analysis of different GOs and rGO products 

      
 

Figure-3.14: TEM Image of different rGOs in A) Kerosene medium rGO-K220, and B) 

Ascorbic acid in water rGO-KAA. 

 

TEM analyses of rGO (rGO-K220 and rGOK-AA) provide detailed insights into its structural 

and morphological features. TEM images revealed ultrathin, sheet-like rGO structures, 

typically consisting of a few layers with minimal wrinkles and folds, were shown in Figure 

3.14. At higher magnifications, lattice fringes become visible, indicating crystalline domains 

with an interplanar distance (d002) of approximately 3.508 Å. TEM images confirm rGO’s 

A B 
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crystallographic structure, showing partial restoration of the sp² carbon network with some 

residual defects (Chuah R, et. al., 2020). 

 

Comparative TEM studies highlight differences among graphite, GOs, and rGO. Graphite 

exhibits elongated, platelet-like structures with folds, while GOs show crumpled edges and less 

dense dark regions. Exfoliated GOs appear flatter and less contrasted, indicating fewer layers. 

Thermally reduced rGO is characterized by a crumpled morphology due to oxygen removal and 

graphene lattice reorganization. Edges appear smooth, reflecting reduced oxygen groups, 

although some uneven edges suggest localized thermal distortions. Additionally, TEM studies 

of synthesized rGO reveal significant differences in their morphology found in literature (Chuah 

R., et. al., 2020). They appear as elongated, platelet-like structures with dark regions, along 

with pronounced folding and wrinkling. Upon oxidation and reduction, rGO forms on the edges 

and corners of graphene layers, with larger internal gaps. rGO-K220 shows less visible dark 

regions and crumpled edges than rGO-KAA. Exfoliated rGO displays a flat structure with low 

contrast, indicating only a few graphene layers and sharp edges. rGO sheets exhibit lattice 

fringes, smooth edges, and a transparent, flat morphology with reduced folding and wrinkling. 

This highlights the structural transformation through oxidation and reduction processes (Kumar 

D, et. al., 2023), (Aliyev E., et. al., 2019).  

 

3.3.2.8. Surface area analysis using the BET sorptometer  

The (Brunauer-Emmett-Teller) BET sorptometer analysis of rGO-K220 and rGO-KAA 

samples was conducted using nitrogen adsorption at cryogenic temperatures. Adsorption-

desorption isotherms with hysteresis loops confirmed the mesoporous structure of both 

samples. Figure 3.15 highlights their cumulative surface areas, with higher surface areas and 

pore volumes enhancing electrochemical reactivity and energy storage capacities. This study 

underscores the significance of mesoporous features in optimizing material performance, as 

supported by previously explained. (Brunauer S., et. al., 1938), (Rouquerol J., et. al., 1994). 

 

Adsorbate and experimental conditions 

Nitrogen, a standard adsorbate in BET measurements, was used for characterizing the surface 

area and pore structure of rGO-K220 and rGO-KAA. Measurements occurred at 29.22 °C, with 

cryogenic testing at -195.76 °C ensuring effective nitrogen adsorption (Zhao J., et. al., 2010). 
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Sample preparation and outgassing 

The samples were outgassed at 130 °C under a 20-micron vacuum, removing adsorbed moisture 

and volatile contaminants, ensuring accurate BET results. Weight differences before and after 

outgassing (rGO-K220: 0.4066 g to 0.3812 g; rGO-KAA: 0.4498 g to 0.4351 g) confirmed 

successful impurity removal. 

 

Figure-3.15: Surface Area Analysis by BET Sorptometer analysis A) Adsorption desorption 

isotherm of rGO-K220, B) Adsorption desorption isotherm of rGO-KAA, C) Pore size 

distribution of rGO-K220, D) Pore size distribution of rGO-KAA.  

 

BET surface area and Vm value 

The BET surface area of rGO-KAA (32.60 m²/g) exceeded that of rGO-K220 (27.14 m²/g), 

indicating a more developed surface, potentially due to structural differences. The 

corresponding BET Vm values (rGO-KAA: 7.48 cm³; rGO-K220: 6.23 cm³) reflect the larger 

monolayer capacity of rGO-KAA. 
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BET C value and correlation 

rGO-KAA’s higher BET C value (8.996 vs. 7.343) suggests stronger nitrogen interactions and 

greater surface heterogeneity. Both samples exhibit high correlation coefficients (rGO-K220: 

0.994; rGO-KAA: 0.996), confirming the reliability of the BET data. 

 

Total pore volume and average pore diameter 

rGO-KAA showed higher total pore volume (0.0654 cc/g vs. 0.0496 cc/g) and slightly larger 

average pore diameter (80.27 Å vs. 73.03 Å), enhancing mass transport and diffusion properties. 

 

Pore type Barrett-Joyner-Halenda (BJH) method 

The BET and BJH analyses reveal significant differences between rGO-K220 and rGO-KAA, 

highlighting rGO-KAA's superior properties for advanced applications. Both materials are 

classified as mesoporous, ideal for adsorption, catalysis, and energy storage due to their balance 

of accessibility and surface area (Gregg S. J., et. al., 1967), (Barrett E. P., et. al., 1951), (Ioni 

Y., et. al., 2023). 

 

3.3.2.9. Reduction mechanism 

The reduction of GO to rGO primarily occurs through the thermal cleavage of oxygen-

containing functional groups, such as hydroxyl (OH), epoxy (C-O-C), ketone (C=O), and 

carboxyl (COOH) groups. In this study, the reduction was conducted at temperatures ranging 

from 180 °C to 250 °C in water and kerosene media, leading to the release of H2O, CO2, and 

CO. This thermal reduction restores the conjugated π-electron system of the graphene lattice, 

which significantly enhances its electrical conductivity and other functional properties. Due to 

its simplicity and high efficiency, this method remains a widely employed strategy for the large-

scale production of graphene-based materials. (M. Acik, 2011), (Larciprete R., et. al., 2011), 

(Le G. T., et. al., 2018). 

 

 

 

 

 

 

Figure 3.16: Different functional groups undergo cleavage during reduction process. 
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Figure 3.16 shows the versatile oxygen functional groups present in GO tend to break down 

during thermal degradation. The specific degradation mechanism involved in GO reduction is 

highly dependent on the reaction conditions, particularly the polarity of the reduction medium. 

In a kerosene medium, the reduction primarily follows a thermally influenced free radical 

mechanism, the details of which are presented in Figure 3.17, Figure 3.18 and Figure 3.19 (Acik 

M., et al., 2011). 

 

3.3.2.9.1. Free radical mechanism 

The free radical mechanism for the reduction of GOs to rGO was accomplished in three steps 

such as initiation, propagation and termination. The detailed description of the mechanism is 

explained bellow- 

 

A. Initiation step 

In this reaction system, the initiation phase is triggered by heating GOs at above 150 °C in a 

kerosene medium, which caused the thermal decomposition of trapped H2O molecules into 

hydroxyl (•OH) and hydrogen (H•) free radicals. Simultaneously, the interaction between 

trapped H2O and O2 serves as an additional pathway for generating •OH radicals. These highly 

reactive primary species then underwent secondary reactions: the H• radical combines with 

another H2O molecule to form a hydronium free radical H3O•, while the •OH radical reacts with 

O2 to produce a hydroperoxyl radical (HO3•). The reactions involved in the initiation steps are 

follows:   

H2O                   HO•  +  H•  [hydrogen and hydroxyl free radical] 

  2H2O + O2                 4 HO•  [hydroxyl free radical] 

  H•  +  H2O                 H3O•  [hydronium free radical] 

  HO• + O2     HO3•  [hydroperoxyl radical] 

Figure 3.17: Initiation of the reduction process due to thermal reduction and cleavage of 

trapped water at higher temperature. 

Heat

Heat

Heat

Heat
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B. Propagation step 

In this stage of the process, the free radicals generated during initiation attack the oxygenated 

sites on the GOs. The carboxylic acid groups are converted into carboxylic free radicals 

(COO•), while the ketonic groups are transformed into oxonium (O•) free radicals. The epoxy 

groups follow a more complex route, first converting into intermediate hydroxyl groups before 

being reduced further into carbon (C•) free radicals with the simultaneous release of H2O 

molecule. This sequence is critical for the "deoxygenation" of GO, effectively restoring the 

carbon lattice. The reactions involved in propagation steps are as follows: 

  

 

 

 

 

 

 

 

 

 

 

 

 

                       

 

 

 

 

 

 

Figure 3.18: Propagation of the reduction process greatly accelerated with the thermal reduction 

at inert kerosene solvent medium at higher temperature. 
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C. Termination step 

The process concluded with the termination step, where the unstable carbon free radicals across 

the graphene layers underwent recombination to restore the hexagonal graphitic lattice. During 

this phase, carboxylic radicals often decarboxylate to release CO and CO2, while other oxygen-

rich species combine to form H2O vapor. The kerosene medium serves a dual role by providing 

a stable environment for these high-temperature collisions and potentially acting as a capping 

agent. The result is a significant reduction in oxygen content and the transformation of GOs 

into reduced rGO. The reactions involved in termination steps are follows: 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

Figure-3.19: Termination of the free radicals generated in initiation and propagation steps by 

conjugation within themselves to end of the reduction process.  

 

This mechanism is highly favorable for maintaining the structural integrity of the graphene 

lattice. The degradation mechanism further can be classified in to two major classes depending 

upon their disruption of the carbon backbone (Mohan V. B., et. al., 2020). Figure 3.20 showd 

the destructive degradation where the disruption or loss of carbon atom was occured and also 

the non-destructive degradation where there were no lows of carbon atom due to disruption in 

the carbon skeleton  occured. In order to maximize the yield and to obtain good quality defect 

 

 

 

Heat

 

 

+  CO 

 

H• 

Heat
 

 

H• 

Heat

 

+  H2O 

  

+  CO2  

Heat



cxliii 
 

free nano film non-destructive degradation is favorable, because by minimizing damage to the 

carbon framework, non-destructive degradation results in a higher quality rGO product with 

fewer defects.  

 

 

 
 

 

 

 
 Figure-3.20: Thermal reduction mechanism of GOs to rGO: (A) Functional groups in GOs, (B) 

Reduced Mechanism, (C) Defects in rGOs. 
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3.3.2.9.2. Non-destructive degradation 

Non-destructive degradation occured through the interactions between oxygen and hydrogen 

atoms in hydroxyl groups located on the surface of graphene. In this process, the reduction was 

initiated by different free radicals, as depicted in Figures 3.20 and 3.21. Under thermal 

treatment, these free radicals became increasingly excited and unstable, leading to their reaction 

with other oxygen-containing functional groups and it resulted formation of water,  oxygen 

molecules, and carbondioxide were released without significantly disrupting the carbon 

backbone of the graphene structure. This free radical becomes more excited and unstable 

through thermal treatment, and reacted with other oxygen-containing functional groups to 

propagate and release water and oxygen molecules. 

 

Reaction-1: Release of water 

 
 

Reaction-2: Release of water                                    

 
 

Reaction-3: Release of carbon monoxide 

 
 

Reaction-4: Release of carbon dioxide                                                    

 
Figure-3.21: Non-destructive degradation reduction mechanisms (Reaction-1, 2, 3, and 4). 
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3.3.2.9.2. Destructive degradation mechanism 

Unlike non-destructive degradation, this pathway compromises the structural integrity of the 

graphene lattice. The release of carbon dioxide results in the disruption of carbon backbone, 

introducing defects into the rGO. The extent of these defects depends on the degree of 

destructive degradation, which can be influenced by factors such as temperature and 

environment of the reaction. 

 

Reaction-5: Release of carbon monoxide                                       

                            
 
Reaction-6: Release of carbon dioxide                                       

                                                                   
 

Figure-3.22: Destructive degradation reduction mechanisms.  

The epoxy group along with other functional groups like carbonyl group, was also thermally 

reduced over 200-400 oC and yield carbon monoxide (CO). This liberated CO is a very strong 

reducing agent, which reduced almost all kinds of oxygen-containing functional groups present 

in GO, and partly reduced GO (Acik M., et. al., 2011). Defects in rGO are detrimental to its 

performance, as they negatively affect its electrical conductivity, mechanical strength, and 

chemical stability. Therefore, controlling the extent of destructive degradation is critical to 

achieving high-quality rGO. 

 

The Kerosene medium showed a great advantage in degradation process that the inert medium 

accelerates the free radical formation and forces the radicals to leave the medium by showing a 

repulsive force at a high temperature. So, the kerosene as a reduction medium provides a high 

rGO yields with continuous defect free sheets and the higher temperature favored by the 

shortening of the reduction time. 

CO CO2 

CO 

Heat 
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3.3.3. Application of synthesized rGOs for antimicrobial activity study  

The synthesized GOs and Different rGOs were applied for the Antimicrobial Activity of GOs 

and Different rGOs (Mann R., et. al., 2021), (Afrin S., et. al., 2022), (Liu S., et. al., 2011). 

The antibacterial properties of Sample-1 (rGO-K220, Powder) and Sample-2 (rGO-KAA, 

Powder) were evaluated in this study. The results indicated that both samples effectively 

suppressed the growth of pathogenic bacteria, albeit with varying potency. As shown in Table 

3.9 and Figure 3.19, the 5.0 mg/ml concentration of Sample-1 produced the largest zone of 

inhibition against Bacillus subtilis (19.5 ± 0.25 mm), while the smallest zone of inhibition was 

observed against Escherichia coli (8.0 ± 0.50 mm). Similarly, the 5.0 mg/ml extract of Sample-

2 demonstrated the highest inhibitory effect against B. subtilis (13.0 ± 0.50 mm) but showed no 

inhibitory effect against any Gram-negative bacteria. The positive control exhibited significant 

inhibitory zones against all bacterial strains, while the negative control displayed no 

antibacterial activity.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure-3.23: Antibacterial activity of rGO Samples- A) rGO-K220, B) rGO-KAA. 'PC' denotes 

tetracycline as the positive control, while 'NC' indicates 10% DMSO as the negative control. 

 

This study highlights that the antibacterial activity of the yellow pigments correlates positively 

with the concentration of both extracts and the corresponding zones of inhibition. 

 

Sample-1 (rGO-K220) Sample-2 (rGO-KAA) 
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These findings align with previous research (CLSI, 2019) (CLSI, 2019) (Barry A. L., 2007).  

(Ramamoorthy H., et. al., 2021). In recent years, the increase in microbial resistance and the 

adverse effects associated with antibiotics have led to significant interest in natural 

antimicrobial substances. These compounds offer promising alternatives for controlling 

bacterial infections with minimal cost and side effects. Consequently, the present study focuses 

on the antibacterial activity of these natural products. 

 

Table-3.9: Evaluation of the antibacterial activity of different concentrations of Sample-1 and 

Sample-2 was performed using the agar well diffusion assay.  

Sample 

(mg/ml) 

Gram-positive bacteria Gram-negative bacteria 

B. subtilis 

ATCC 11774 

S. aureus 

ATCC 9144 

E. coli 

ATCC 11303 

S. typhi 

ATCC 13311 

rGO-220 Zone of Inhibition in mm 

0.5 mg/ml - - - - 

1.0 mg/ml 6.20±0.00 6.00±0.35 - - 

2.5 mg/ml 11.0±0.21 8.50±0.31 6.50±0.00 6.50±0.00 

5.0 mg/ml 19.5±0.25 17.0±0.50 8.5±0.50 10.3±0.15 

     rGO-KAA 

0.5 mg/ml - - - - 

1.0 mg/ml - - - - 

2.5 mg/ml 8.00±0.00 8.00±0.00 - - 

5.0 mg/ml 13.0±0.50 11.5±0.29 - - 

Positive control 27.5±0.21 27.0±0.00 23.0±0.50 22.5±0.50 

Negative 

control 
- - - - 

“-” indicates No Zone of inhibition. 
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3.4. Conclusions 

GOs were synthesized using the acid liquor recycling technique in order to lower the production 

costs, and the product consistency can be maintained with product quality. The GOs with 

66.75% oxygen to carbon were obtained. The synthesized GOs were softly and hardly thermally 

treated under polar and nonpolar solvent media to get thermally treated rGO. The degree of 

reduction of GOs in water at 98 oC for 48 hours was reduced to 45.39% oxygen content, and 96 

hours was reduced to 32.68% oxygen content were achieved. The reduction method could 

reduce hydroxyl (-OH), more than carbonyl (>C=O) and epoxy (C-O-C) groups. The degree of 

reduction of GOs in nonpolar medium kerosene at 180 oC for 1 hour were reduced to 17.77% 

oxygen content and at 220 oC for 1 hour was reduced to 8.86% oxygen content was achieved. 

The reduction method could reduce all of the hydroxyl (-OH) groups and most of the carbonyl 

(>C=O) and epoxy (C-O-C) groups, and only very few (>C=O) and (C-O-C) groups remain. 

The double reduction process of rGO converts to extremely rGO with an oxygen content of less 

than 2.49% according to XPS analysis. The XRD analysis also confirms the degree of reduction 

by the various thermal treatments, with the formation of heterogeneous nanocrystalline and 

amorphous rGO. SEM and TEM images show the formation of a few-layer graphene. This 

nonpolar and extremely rGO shows very significant resistance against some gram-positive and 

gram-negative bacteria as B. subtilis, S. aureus, E. coli, and S. typhi, but kerosene-reduced rGO 

does not show any antimicrobial activities against gram-negative bacteria. 
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CHAPTER-4 

 

 

 

Microwave Assisted Rapid Exfoliation of Graphite to 

Graphene and Its Application for the Removal of 

Acid Blue Dye from Aqueous Solution 
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Abstract 

 

This study investigates a very fast, cost-effective, and eco-friendly method for synthesizing 

few-layer graphene (FLG) via microwave-assisted exfoliation of graphite, aiming to address 

water pollution caused by synthetic dyes like Acid Blue-25. Using ammonium bicarbonate as 

an exfoliating agent, the method employs solvent-free microwave irradiation and high pressure 

generated from NH4HCO3 decomposition to exfoliate graphite into high-quality graphene 

sheets with minimal defects. The graphene products were characterized using FT-IR, FT-

Raman, and UV-Vis spectroscopy, XRD, FE-SEM, and XPS analysis, confirming their 

structural and functional properties suitable for adsorption applications. Four graphene samples 

were synthesized using varying NH4HCO3 ratios (1:1, 1:2, 1:3, and 1:4). Batch adsorption 

experiments demonstrated that graphene achieved 98–100% dye removal efficiency within 3 

hours, outperforming activated carbon (89%) and graphite (95%) at 100 ppm dye concentration 

and pH 2.0. The process adhered to the Langmuir isotherm model, indicating monolayer 

adsorption with a maximum capacity of 180 mg/g, and followed a pseudo-second-order kinetic 

model, suggesting chemisorption as the primary mechanism. Thermodynamic analysis 

confirmed the process was spontaneous and endothermic, and demonstrated excellent 

reusability, retaining over 85% efficiency after five cycles. The findings highlight graphene’s 

superior adsorption efficiency, rapid equilibrium, and scalability for industrial wastewater 

treatment. This study establishes microwave-exfoliated graphene as a promising material for 

sustainable dye remediation, with potential applications in treating industrial effluents and 

contaminated water systems. 
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Objectives 

 

According to the literature review, although all the exfoliation processes involving the chemical 

process are widely used, they have several disadvantages, including the use of hazardous 

chemicals, production of toxic by-products, and the potential for incomplete removal of 

oxygen-containing functional groups, which may compromise the material's quality. 

Additionally, the process often requires lengthy reaction times and complex post-treatment 

steps, making it less environmentally friendly and time-efficient. In contrast, microwave-

assisted synthesis of graphene offers significant advantages, such as rapid processing, uniform 

heating, and energy efficiency. This method facilitates the reduction of GOs to high-quality 

rGO without extensive use of harmful chemicals, aligning with sustainable and eco-friendly 

practices. So, the objectives are- 

 

i. Synthesis of graphene by microwave-assisted rapid and direct exfoliation method to 

evaluate the effect of variation of intercalating agent. 

ii. Searching for a suitable microwave irradiation and exfoliation arc-tolerant dish for 

graphene synthesis. 

iii. Characterization of synthesized microwave graphene. 

iv. Application of MG for the removal of acid blue dye from aqueous solution and studies 

on the isotherm and kinetics of the adsorption process. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



clii 
 

4.1. Introduction 

Graphene, a two-dimensional carbon allotrope discovered in 2004 and became highly renowned 

for its exceptional mechanical strength, superior thermal and electrical conductivity, and near-

total transparency, attributes stemming from its sp²-hybridized atomic structure (Dedkov Y., et. 

al., 2015), (Ares P., et. al., 2022), (Novoselov, et al., 2004), (Ono T., et al., 2017). Its semi-

metallic nature facilitated ballistic charge transportation and established it as a cornerstone of 

two-dimensional materials with diverse applications. Beyond its utilization in electronics and 

materials science, its versatility extended to energy storage, supercapacitors (Dedkov Y., et. al., 

2015), (Geim A. K., et. al., 2007), pollutant adsorption, and flexible alternatives to metals. It 

also became pivotal in nanocomposites and sensor technologies. Advancements in synthesis 

methods have further broadened its applicability, cementing graphene’s role as a transformative 

material across scientific and industrial domains as electronics and materials science (Geim A. 

K., et. al., 2007), (Yu X., et al., 2017) energy storage, supercapacitors and effectively adsorbs 

pollutants and flexible alternative to metals (Kogan E., 2022), sensors to nanocomposites (Luan 

D., 2023), (Zou L., et al., 2018), (Farjadian F., et al., 2020), (Kogan E., et. al., 2022), (Singh J., 

et. al., 2018). 

  

The graphene formulation already included both top-down and bottom-up approaches (Jilani 

A. I., et al., 2018), (Biliak R., 2023), (Zhang T., et. al., 2012). Electrochemical exfoliation also 

involved breaking down graphite into graphene sheets (Priyanka A., et. al., 2024), (Kornilov D. 

Y., et. al., 2020). Mechanical exfoliation incorporated high-quality graphene (Norman J., et. al., 

2023), (Yip T. M., et. al., 2023), composite development enhances properties (Priyanka A., et. 

al., 2024), (Norman J., et. al., 2023), laser addition in pyrolysis (Kumara K. J., et. al., 2021), 

(Mahmood F., et al., 2023). Achievement of cost-effective, large-scale production of high-

quality graphene has also been developed (Priyanka A., et. al., 2024), (Mahmood F., et al., 

2023), along with many approaches including simplicity, scalability, and cost-effectiveness. 

Microwave-assisted methods offered a rapid, uniform, and controlled approach to graphene 

production, yielding larger sheets with fewer defects compared to conventional techniques 

(Shang J., et al., 2012), like chemical oxidation-reduction, chemical vapor deposition (CVD), 

and mechanical exfoliation (Perreault F., et. al., 2015), (Kumar P. V., et al., 2014). Techniques 

such as the microwave-assisted exfoliation method emerged as efficient than chemical 

oxidation reduction and cost-effective alternatives. A study comprehensively examined the 

principles of microwave technology, the mechanisms involved in graphene exfoliation, and the 
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benefits and challenges associated with highlighting its potential to overcome the limitations of 

traditional graphene synthesis methods (Zhu Y., et al., 2010). However, as mentioned earlier, 

the main challenges in producing graphene were limited in scalability, cost-effectiveness, and 

producing high-quality sheets without introducing too many defects and contaminants 

(Balandin A. A., et al., 2008), (Stankovich S., et al., 2006).  

 

Traditional methods such as chemical vapor deposition (CVD) and mechanical exfoliation are 

highly effective in producing high-quality graphene, but they were not claimed as easily 

scalable for industrial applications (Li X., et al., 2009). Chemical oxidation-reduction of GOs 

was claimed to be another popular method used for graphene synthesis, but it often resulted in 

reduced graphene with significant defects and limited conductivity. Thus, the microwave-

assisted method emerged as a promising alternative (Stankovich, et al., 2007), (Su C., et. al., 

2013). Microwave radiation evolved as an electromagnetic radiation with wavelengths ranging 

from one millimeter to one meter, corresponding to frequencies between 300 MHz and 300 

GHz.  

 

In practical applications, microwaves are most commonly encountered in the range of 2.45 

GHz, which is used in household microwave ovens and many industrial microwave systems 

(Meredith R. J., 1998). Unlike conventional heating methods, which rely on the conduction of 

heat from an external source, microwave heating works by directly interacting with the material 

at the molecular level (Metaxas A. A., et. al., 1983), (Thostenson E. T., et. al., 2001).  

 

Microwaves interact with polar molecules in a material, causing them to rapidly oscillate and 

produce heat through dielectric loss. This mechanism allows microwaves to penetrate deeply 

and evenly into the materials, providing volumetric heating rather than surface heating 

(Kuhlmann J., et. al., 2021), (Gawande M. B., et. al., 2014), (Anis H., et. al., 2021), 

(Chandrasekaran S., et. al., 2012). This rapid, uniform heating is the key reason why 

microwave-assisted processes are highly attractive for material synthesis and modification, 

including the production of graphene (Rojas C. C., et. al., 2022), (Grewal A. S., et. al., 2013). 

The ability of microwave to rapidly heat the materials to high temperatures in short periods of 

time without excessive energy loss makes microwave-assisted methods particularly well-suited 

for graphene exfoliation. Additionally, microwave processing can be precisely controlled by 

adjusting the power and frequency, which is important for achieving desired material properties 
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in graphene (Zhang Y., et. al., 2022), (Jiang F., et. al., 2017), (Gao C., et. al., 2023), (Chen X., 

et. al., 2019), (Zhang Y., et. al., 2023), (Jakhar R., et. al., 2020). The key to producing graphene 

from graphite involves breaking its weak forces to separate the individual graphene layers, and 

this process is known as exfoliation (Mouni A., et. al., 2023), (Sumdani M. G., et. al., 2021), 

(Liu Z., et. al., 2022), (Moosa A., et. al., 2021). 

 

Microwave-assisted exfoliation of graphite was achieved by the exfoliation due to the rapid 

heating capability of microwaves. In many cases, the exfoliation process was facilitated by the 

presence of certain compounds that decomposed under microwave irradiation and released as 

gases that generate high internal pressure between the graphite layers (Wang Y., et. al., 2022), 

(Dubey A., et. al., 2024), (Cheng J., et. al., 2023), (Jiang F., et. al., 2017). One such compound 

is ammonium bicarbonate (NH4HCO3), which decomposes into water vapor (H2O), carbon 

dioxide (CO2), and ammonia (NH3) when heated by microwaves (Raj R. S., et. al., 2023), (Lin 

J., et. al., 2017). The decomposition of NH4HCO3 within the interlayer spaces of graphite, which 

generates high-pressure gases that act as a driving force to overcome the van der Waals forces, 

resulting in the separation of individual graphene layers (Liu Z., et. al., 2022), (Lin J., et. al., 

2017), (Zhang Y., et. al., 2023). This rapid exfoliation process can occur within a matter of 

minutes, compared to hours or even days in some conventional methods (Liu X., et. al., 2023), 

(Ramezani M. J., et. al., 2024). Moreover, the use of microwaves allows for the exfoliation 

process to occur without the need for harsh chemicals or excessive mechanical force, which can 

introduce defects or contaminants into the graphene. This makes microwave-assisted 

exfoliation an attractive method for producing graphene with fewer defects and higher purity 

(Gao Y., et. al., 2023), (Wu W., et al., 2020), (Kumar R., et. al., 2022), (Kumar A., et. al., 2020), 

(Zhou Y., et. al., 2023), (Jiang F., et. al., 2017). 

 

Microwave-assisted graphene manufacturing is increasingly popular for large-scale 

applications due to its numerous advantages over traditional methods. It completes the 

exfoliation process in minutes and reduces energy waste through efficient volumetric heating. 

The simplicity of the microwave process allows for easier scalability compared to complex 

techniques like CVD (Gao Y., et. al., 2023), (Liu X., et al., 2013), (Ghorbani M., et. al., 2022), 

(Kumar A., et. al., 2020). Additionally, it minimizes structural defects, producing higher-quality 

graphene. This method is also more sustainable, requiring fewer harmful chemicals and less 

mechanical processing, while being more cost-effective overall (Zhou Y., et. al., 2023), (Wang 
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J., et. al., 2022). The uniformity and effectiveness of graphene sheets in certain applications can 

be affected by the difficulty of managing their size and thickness, even though microwaves can 

exfoliate materials quickly (Ghorbani M., et. al., 2022), (Kumar R., et. al., 2022). It can take a 

lot of effort and experimentation to optimize variables like microwave power, irradiation 

duration, and precursor materials for successful microwave-assisted manufacturing. It can be 

difficult to maintain uniform quality over large quantities because of problems, including 

incomplete exfoliation and residual contaminants, even though these techniques usually 

produce graphene with fewer flaws. Microwave techniques provide a practical and economical 

way to create graphene for these various large-scale uses, advancing several industries (Kumar 

R., et. al., 2022), (Chang D. W., et. al., 2016). Despite its advantages, microwave-assisted 

graphene production faces limitations, such as difficulty in controlling the size and thickness of 

graphene sheets, which can affect uniformity and performance (Liu Z., et. al., 2023), (Xie X., 

et. al., 2019). Additionally, optimizing parameters like microwave energy and irradiation time 

requires extensive experimentation, the need for optimization, and the potential issues with 

impurities and inconsistent quality (Kumar R., et. al., 2022), (Chang D. W., et. al., 2016). 

Challenges remain in ensuring consistent quality across large batches, as residual impurities 

and incomplete exfoliation can still occur during the synthesis process (Zhang Y., et. al., 2023), 

(Sun J., et al., 2023).  

 

The removal of two cationic dyes, methylene blue (MB) and rhodamine B (RhB), using GOs, 

fluorinated-GOs, and interconnected rGO (IC-rGO) was investigated from the aqueous solution 

(Mao B., et. al., 2020). The effect of the initial concentrations of MB and RhB was examined, 

and the maximum adsorption capacities of 403.3 mg/g and 686.6 mg/g were obtained. The 

adsorption kinetics study demonstrated that GO was found to be a very promising adsorbent for 

wastewater treatment and that GOs can effectively separate cationic species from anionic 

compounds. 

 

In this experiment, we evaluate the effect of the quantity of intercalating agent in the yield and 

properties of graphene. On the other hand, we tried to minimize the environmental issues by 

modifying the microwave oven by absorbing the ammonia gas evolved in a mineral acid 

solution during exfoliation. Several experiments were done to control the degree of exfoliation 

and the particle sizes. 
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4.2. Materials and methods 

 

4.2.1. Materials 

4.2.1.1. Raw materials used for microwave exfoliation 

The chemicals used to perform this 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 ammonium bicarbonate (NH4HCO3) with 

purity 98.5% and reagent grade hydrochloric acid with purity 37% were from Merck, 

Darmstadt, Germany; Industrial grade Acid blue dyes (ABD), trade name Acid blue-119, were 

collected from Dycin Chem Pvt. Ltd. Dhaka, Bangladesh and were used directly. 

 

4.2.2. Methodology 

4.2.2.a. Instrumental methodology 

The instruments were used for the microwave exfoliation and characterization of the MG and 

its application for the removal of Arsenic (III) from water are described below- 

 

4.2.2.1. Microwave oven  

A microwave oven (LG, Taiwan, 2450 MHz, 800 W) is an electric oven that is used for heating 

by electromagnetic irradiation in the microwave frequency range. This microwave frequency 

induces polar molecules in it to rotate and produce thermal energy in a process known as 

dielectric heating. Microwave oven heats materials quickly and efficiently because excitation 

is fairly uniform in the outer 25–38 mm (1–1.5 inches) of a homogeneous, high-water-content 

or polar material. 

 

4.2.2.2. Measurements of thermal properties by thermogravimetric analyzer (TGA) 

The detailed description of this instrument, including the operating conditions of the MG 

samples are same as the instrumental method described in chapter 3 (section 3.2.2.1.2). 

 

4.2.2.3. FT-IR spectroscopic analysis 

The detailed description of this instrument, including operating conditions of the MG samples 

are same as the instrumental method described in chapter 2 (section 2.2.2.4) 
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4.2.2.4. FT-Raman spectroscopic analysis 

The detailed description of this instrument, including operating conditions of the MG samples 

are same as the instrumental method described in Chapter 2 (section 2.2.2.5). 

 

 4.2.2.5. X-Ray diffraction (XRD) analysis 

The detailed description of this instrument, including operating conditions of the MG samples 

are same as the instrumental method described in Chapter 2 (section 3.2.2.1.5). 

 

4.2.2.6. UV-Vis. spectroscopic analysis 

The detailed description of this instrument, including operating conditions of the synthesized 

rGO samples are same as the instrumental method described in Chapter 2 (section 2.2.2.6). 

 

4.2.2.7. Image analysis using SEM-EDX 

The detailed description of this instrument, including the operating condition of the synthesized 

MG samples are same as the instrumental method described in Chapter 2 (section 2.2.2.8). 

 

4.2.2.8. Roller milling intercalator 

Roller Milling Grinders are a very commonly used laboratory milling machine. The rubber-

coated parallel rollers rotate horizontally in the same direction, helping to rotate the 

intercalation jar at a desired rpm. This rotation creates friction between spherical balls and 

cylinders. It was used for the intercalation of the purified graphite powder. Sufficient friction 

forced the intercalating agents to intercalate graphite powder. The raw materials were charged 

into a cylindrical container with zirconia balls of different diameters and rotated at 120 rpm for 

several hours. 

 

4.2.2.9. Muffle furnace 

A muffle furnace is a very common laboratory instrument used to heat materials to extremely 

high temperatures whilst isolating them from the fuel. A muffle furnace (Carbolite-1100, 

Germany) can be operated at various temperatures for removing combustible organic or 

inorganic compounds at a definite temperature. It was used for the isolation of a selective 

material from the combustible part with specific properties. The microwave-exfoliated 

graphene was purified using a muffle furnace at 500 oC for 20 minutes by dissociating the 

intercalating agents.  
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4.2.3. Experimental procedure 

The microwave exfoliated graphene preparation can be done using the following steps- 

 

4.2.3.1. Purification of graphite powder by 5% HCl acid wash 

At first, the graphite powders (50.0 g) were purified using acid wash, where 5% HCl solution 

(250 mL) was utilized for the washing. The mixture was heated at 98 oC for 2 hrs. with a hotplate 

magnetic stirrer. Then the slurry was filtered and washed with sufficient DI water to obtain a 

pH of 7.0. Then it was dried in a fridge dryer and stored as a feed material.  

 

4.2.3.2. Preparation of intercalated graphene 

The purified graphite sample (5.0 g) was measured and taken in an intercalation jar. A fixed 

ratio of intercalating agent was mixed in it. The ratio of NH4HCO3 intercalating agent to 

graphene was maintained at graphene : intercalator ratios of 1:1, 1:2, 1:3, and 1:4. Zirconia 

ceramic ball beads of varying diameters (3 mm, 5 mm, 8 mm, and 10 mm) were placed into the 

Jar to ensure optimal grinding and mixing. The jar was then agitated in a roller milling machine 

at a speed of 120 rpm for 2 hours to promote efficient intercalation of NH4HCO3 into the 

graphite matrix (Skorupska M., et. al., 2021). 

 

4.2.3.3. Vacuum drying of intercalated graphene 

Vacuum drying is essential for the microwave exfoliation of graphene. After the intercalation 

process, carefully transferred to a drying container to prepare it for moisture removal. The 

mixture was subsequently placed in a vacuum oven, where it was heated at a controlled 

temperature between 60 °C and 70 °C under a vacuum pressure of 50 mm Hg. This drying 

phase lasted for 30–40 minutes, allowing any absorbed moisture or residual solvent to be 

efficiently removed. The vacuum environment, coupled with moderate heating, ensured that the 

delicate structure of the intercalated graphite was preserved while achieving thorough 

dehydration. 

 

4.2.3.4. Microwave exfoliation of intercalated graphene 

Once the drying process was complete, the mixture was gradually cooled to room temperature. 

This cooling phase ensured that the NH4HCO3-intercalated graphite was sufficiently dried and 

ready for further characterization or use in subsequent applications, with minimal risk of 

moisture interference in its performance. The entire process was designed to maintain material 
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integrity while optimizing the intercalation and drying conditions. The intercalated graphite was 

then exposed to microwave irradiation (MWI) for 60 seconds, resulting in rapid exfoliation 

accompanied by intense light and arcing (Voiry D., et al., 2016). This exfoliation was triggered 

by the thermal decomposition of NH4HCO3, which dissociated into ammonia, water, and carbon 

dioxide, releasing heat. The generated heat was sufficient to separate the graphite layers, 

producing bursts of light and arcs.  

 

4.2.3.5. Purification of MG 

Upon completion of the reaction, the exfoliated product was collected, containing some 

residual, undissociated NH4HCO3. To ensure complete decomposition of NH4HCO3, the 

sample was subsequently heated in a muffle furnace at 500 °C for 15–20 minutes, effectively 

removing any remaining NH4HCO3 and yielding a purified exfoliated graphite product. This 

final product was then prepared for characterization. The product yields were calculated based 

on the raw graphite powder and were listed in Table 4.1. 

 

Table-4.1: Yield of purified MG product after purification 

Exp. No. Amount of 

Graphite (g) 

NH4HCO3 

(g) 

Feed ratio MG  

(g) 

Yield 

(%) 

MG-1 10.0033 0.00 1:0 9.9915 99.99 

MG-2 10.0012 10.0026 1:1 9.9882 99.87 

MG-3 10.0008 20.0031 1:2 9.9904 99.84 

MG-4 10.0025 30.0014 1:3 9.9832 99.89 

MG-5 10.0018 40.0022 1:4 9.9812 99.79 
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4.2.4. Application of MG for the removal of textile dyes 

Application of the microwave graphene for the removal of acid blue-25 (AB-25) dye from the 

aqueous solution involves the following steps- 

 

4.2.4.1. Preparation of stock solution of acid blue-25 dye 

At first, the stock solution of AB-25 dye was prepared by dissolving 2.0 g of dye in 10.0 Lt. DI 

water in order to obtain a 200-ppm solution concentration to use as a feed material throughout 

the measurement. The adsorption efficiencies and adsorption kinetics experiments were carried 

out with the solution. The solution was diluted to 100 and 50 ppm to observe the effect of the 

initial concentration. Figure 4.12 shows the 100-ppm AB-25 dye solution in water. 

Determination of the calibration curve using the stock solution from the aqueous solution. 

 

4.2.4.2. Determination of calibration curve using the stock solution 

Acid blue dye is an anthraquinone-based aromatic amine functional sodium sulfonate structural 

compound. It absorbs Visible light at the maximum absorption wavelength (λmax) at 602 nm. 

An ABD solution of different concentrations of 2 ppm, 5 ppm, 10 ppm, 20 ppm, 50 ppm, and 

100 ppm was prepared from the stock solution by serial dilution in water. The solutions were 

measured   UV-Visible light absorption spectrum in the range 400 nm – 800 nm. The UV-Vis 

light absorption spectrum is shown in Figures 4.1 and 4.2 and Table 4.2.

 

Figure-4.1: UV-Visible light absorption spectrum of ABD solution in concentration ranges of 

2 ppm, 5 ppm, 10 ppm, 20 ppm, 50 ppm, and 100 ppm at 602 nm wavelength.  
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The maximum absorption % data were arranged against the dye concentration to obtain the 

calibration curve. Figure 4.5 shows the linearity and R² value of the calibration curve, which is 

0.999. 

 

Table-4.2: UV-Visible light absorbance % of Acid blue dye solution at wavelength (λmax) at 

602 nm for Calibration curve- 

 

 

Figure-4.2: Calibration curve of the acid blue dye, obtained by plotting absorbance % against 

concentration of dye samples. 

 

From the calibration curve, it can be observed that the absorbance plots form a linear straight 

line, which lies in the equation- 

y = m.x + c------------------------(14) 

Where Y is the absorbance % of the Acid blue dyes, X is the concentration of the Acid blue 

dyes, and m is the slope of the calibration line.  
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The linearity of the curve is good, and its recreation value R2 = 0.998. For this dye in a water 

medium, m is constant, and its value is 0.001. As the equation goes through the origin, C is 0. 

So, the equation stands- 

 

y = 0.001x ------------------------(15) 

From this equation, if we have the absorbance % of any unknown solution, we can have the 

concentration value. 

 

4.2.4.3. Adsorption of AB-25 dye by MG from the aqueous solution 

For the adsorption experiments, the stock solution was diluted to three initial concentrations of 

50 ppm, 100 ppm, and 200 ppm. The dosage of microwave graphene adsorbents (MG-1, MG-

2, MG-3, and MG-4) was measured in amount of 0.1 g for the 500 mL 100 ppm solutions of 

ABD samples. The experiments were designed for three initial concentrations of 50 ppm, 100 

ppm, and 200 ppm. The 500 mL solution for each initial concentration was taken in different 

beakers and their pH was adjusted to 2.0 using HCl and NaOH solutions. Then 0.05 g, 0.1 g, 

and 0.2 g of MG of each type were added to the beaker and stirred at 90 rpm. Then, 5 mL 

solutions from each beaker were collected after each 30 minutes and filtered immediately using 

a 0.2-micron nylon syringe filter and preserved in a separate tube. The samplings were 

continued for 12 hours, and their concentration was measured using UV-Vis. 

spectrophotometer. The data were recorded in Table 4.9 % Removal was calculated by  

 

% Removal = 
Co−Ce

Co
 × 100 ----------------------------(16) 

 

           Where Co = Initial dye concentration 

            Ce = Dye concentration at equilibrium 

 

The equilibrium concentration (Ce) of the dye solutions was determined by referring to the 

corresponding calibration curve. The equilibrium sorption capacity (qe) was calculated by:  

 

𝑞𝑒 = 
Co−Ce

m
 × V ----------------------------(17) 

    Where Co = Initial concentration 

     Ce = Concentration at equilibrium 

     m = Amount of adsorbent 

     V = Volume of solution 
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4.2.4.4. Removal of the AB-25 dye using MG in a column method 

A 0.5 g sample of microwave-exfoliated graphene was utilized as a fixed bed in a burette 

column to evaluate its dye removal capacity. A 100 ppm Acid Blue-25 Dye (ABD) solution 

was passed through the graphene bed at a controlled flow rate of 20 drops per minute. The 

process continued until the effluent solution reached a clarity corresponding to a dye 

concentration of 2 ppm. The total volume of the treated solution was recorded to determine the 

dye removal capacity of the graphene sample. This setup enables a continuous flow adsorption 

study, providing a practical assessment of the graphene's performance under dynamic 

conditions. The amount of the ABD solution decolorized by the graphene samples was 

quantified and presented in Table 4.8.  

 

4.2.4.5. Determination of the AB-25 dye-removing efficiency using the different MG  

The removal efficiency of Acid blue dye by different microwave-exfoliated graphene samples 

can be determined through batch adsorption experiments under controlled conditions. First, a 

500-ppm concentration of the AB-25 dye solution of 500 mL is placed in a beaker. Then, 

different graphene samples of 0.1 g each are placed in separate containers containing dye 

solution. The mixtures are agitated at 90 rpm with a magnetic stirrer for 24 hours to ensure 

uniform contact between the dye molecules and the adsorbents. Then the concentration of the 

remaining solution was evaluated to measure the adsorption performance under consistent 

conditions. After the adsorption process, the solutions are filtered or centrifuged to separate the 

graphene adsorbents. The residual dye concentration in the supernatant is measured using UV-

Vis spectrophotometry at the dye's maximum absorbance wavelength. Removal efficiency is 

calculated using the equation: 

 

  Removal Efficiency (%) = 
Ci−Ce

Ci
 × 100----------------------(18) 

 

Where Ci and C𝑒 are the initial and equilibrium dye concentrations, respectively. This method 

allows comparative assessment of graphene samples for dye removal. The results thus obtained 

are listed in Table 4.3. 
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Table-4.3: The concentration of the solution after absorption for 24 hours by 0.1 g of different 

exfoliated graphene. 

Graphene Amount of MG 

(g) 

Concentration of final 

dye solution (ppm) 

dye removing ability 

(mg/g) 

MG-0 0.2 268.6 231.4 

MG-1 0.2 224.5 275.5 

MG-2 0.2 181.3 318.7 

MG-3 0.2 117.9 382.1 

MG-4 0.2 27.2 472.8 

 

 

4.3.   Results and discussion 

 

4.3.1. Synthesis of MG 

The synthesis procedure involves several sensitive steps 

 

4.3.1.1. Purification of graphite powder 

As the Graphite powder was used as a feed raw material, it must be purified before use. Because 

it contains a lot of contaminants, especially metal salts, which may affect the exfoliation 

process. 

 

Table-4.4: Purification of Graphite powder by 5% hydrochloric acid solution. 

Exp. 

No. 

Graphite 

powder 

(g) 

5% Hydrochloric 

acid solution 

(mL) 

Time  

(hrs.) 

Purified Graphite 

powder (g) 

Yield 

(%) 

01. 50.0 250 2.0 49.91 99.83 

02. 50.0 250 2.0 49.92 99.84 

 

4.3.1.2. Exfoliation procedure 

A microwave-assisted rapid exfoliation technique was applied for the preparation of the 

graphene. The process involves huge irradiation energy that dissociates the NH4HCO3 

intercalator from the arc. Figure 4.3 shows the light and arc liberation in the microwave during 
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exfoliation. This release of energy was powerful enough to damage materials like glass, 

ceramics, and concrete, necessitating the search for a suitable, durable container for the 

reaction. Since metallic containers were unsuitable due to their interaction with microwaves, 

identifying a compatible material for this process became a focus of the research. 

 

Figure-4.3: Microwave exfoliation of Graphene using microwave arc radiation 

 

4.3.1.3. Intercalation process 

The production procedure of microwave-assisted rapid exfoliation of graphene is shown in 

Figure 4.4. It is the fastest of all the production processes to produce single-crystalline pristine 

graphene produced directly from graphite. The stepwise production process is described with 

precautions. This method is highly suitable for production in bulk (Wu J., et al., 2020). The 

time of intercalation is very important. It takes about 2-4 hours for the intercalation process to 

complete, depending upon the amount of intercalating agent. The other important factors are 

the amount and size of the rotating ball compared to the feed, and the rotation/minute of the jar. 

It is better to maintain 90-120 rpm with 3, 5, 8, 10 mm mixture diameter balls in the jar. 

 

4.3.1.4. Vacuum drying 

Drying is a critical step in the preparation of graphite powder, whether natural or synthesized, 

to ensure the removal of impurities such as soil, catalysts, or other foreign particles. These 

impurities, if not removed, can adversely impact the subsequent intercalation process and 

compromise the quality of the final product. Proper drying is particularly essential before the 

exfoliation process, which involves microwave irradiation that interacts with NH4HCO3, 

producing electromagnetic irradiation. This interaction is sensitive to the presence of moisture, 

as even trace amounts can significantly affect the efficiency of exfoliation or the quality of the 

exfoliated graphene. During exfoliation, the presence of moisture in intercalated graphite 
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powder can result in arc generation that disrupts the reaction dynamics. As NH4HCO3 chemicals 

readily absorb atmospheric moisture, intercalated graphite must be thoroughly dried to 

minimize adverse effects on the exfoliation process. Traditional heating methods, such as oven 

drying, are not suitable due to the heat sensitivity of NH4HCO3, which dissociates rapidly at 

elevated temperatures. To address this challenge, vacuum drying was employed as an effective 

method for moisture removal, ensuring the stability of NH4HCO3 while achieving sufficient 

drying. 

 

The vacuum drying process is conducted at a pressure of 30–50 mmHg and a temperature 

of 60 °C, conditions optimized to remove moisture without causing dissociation of NH4HCO3. 

By applying vacuum drying for a short duration, the trace amounts of moisture can be 

eliminated, preserving the integrity of the intercalated graphite and enhancing the efficiency of 

the exfoliation process. This step is crucial for obtaining high-quality exfoliated graphene, as it 

ensures a consistent and controlled reaction environment during exfoliation. Proper drying not 

only protects the chemical properties of NH4HCO3 but also contributes to the overall reliability 

and reproducibility of the synthesis process. 

 

4.3.1.5. Microwave irradiation process 

The exfoliation process is very easy and spontaneous. No trouble occurs if all the conditions 

are maintained properly, e.g., plate type, plate thickness, moisture content in plate, cooling of 

plate, thickness of feed materials, time of exfoliation, etc. No loss of materials occurs during 

the procedure except for NH4HCO3 dissociation. 
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Figure-4.4: Flow diagram for the production of microwave-assisted rapid exfoliation of graphene.  

 

For the investigation of the effect of NH4HCO3 ratios with graphite, a series of products was 

prepared, and their properties were evaluated in comparison. The controlled experiments were 

conducted using the same procedure without adding NH4HCO3 to observe the effects of 

NH4HCO3 on the exfoliation process. Additionally, experiments were conducted by varying the 

feed weight ratio of graphite to NH4HCO3 (1:1, 1:2, 1:3, and 1:4) to optimize reaction conditions 

and assess the impact of NH4HCO3 concentration on the exfoliation outcome. The entire 

process, illustrated in Figure 4.4, demonstrates the potential of MWI in producing exfoliated 

graphite with the controlled decomposition of intercalants in a carefully designed, stable 

environment. The product at different feed ratios and the yields were recorded in Table 4.1. 

 

The purification of exfoliated graphene is another important step because some of the 

NH4HCO3 remain undissociated, and this impacts the graphene properties. As the NH4HCO3 

dissociated around 60 oC and the MG product dissociated over 650 oC. So, it is better to heat 

the product graphene at 500 oC for 20 minutes to dissociate completely. 

 

4.3.1.6. Selection of microwave irradiation and exfoliation arc-tolerant specimen (Dish)   

The exfoliation process generates significant arc and heat energy, leading to intense thermal 

shocks that can damage the exfoliation dish used to hold the intercalated graphite within the 

microwave oven. This damage occurs almost instantaneously due to the rapid energy release. 

Additionally, certain materials are unsuitable for the exfoliation process as they either fail under 
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the irradiation-induced thermal shock or do not exfoliate effectively due to the influence of 

electric field effects on their conductivity. A comprehensive list of materials destroyed during 

exfoliation or rendered ineffective due to electric field interactions is presented in Table 4.5, 

highlighting the challenges of material selection. 

 

Table-4.5: List of Microwave and arc-proofing failed material that was destroyed during 

exfoliation due to irradiation shock or not exfoliated due to the electric field effects of 

conductance. 

Sl. No. Name of the dish Sl. No. Name of the dish 

01. Microwave Oven glass plate  
(thickness 5 mm) 

02. Ceramic plate (thickness, 3 mm) 

03. PP Plastic sheet (thickness 5 mm) 04. Ceramic plate (thickness 7 mm) 

05. PVC Plastic sheet (thickness 5 mm) 06. Glass plate (thickness, 3 mm) 

07. Melamine Plate (thickness 3 mm) 08. Glass plate (thickness, 7 mm) 

09. Bricks (thickness 10-20 mm) 10. Ceramic Tiles (thickness, 7 mm) 

11. Aluminum Plate (thickness 1 mm) 12. Roof top tiles (thickness 30 mm) 

13. Iron sheet (thickness 5 mm)   

 

After various trials, refractory non-glazed decorative tiles with a minimum depth of 30 mm 

were selected as suitable containers, capable of withstanding the reaction conditions. Another 

critical parameter for successful exfoliation was the initial temperature of the container. The 

reaction proceeded best when the container was warm to the touch, as temperatures that were 

either too high or at room temperature inhibited the process. To achieve this, the tile was pre-

warmed, and a thin layer of dried intercalated graphite powder was spread over it before being 

placed in the microwave oven for irradiation. The microwave exfoliation process was 

successfully conducted using 20 mm thick insulator-type wall-decorated ceramic tiles, as 

shown in Figure 4.5, ensuring stability and resistance to thermal shock during exfoliation. 

 

For successful and efficient exfoliation, both the choice of material and the temperature control 

of the exfoliation dish are critical factors. During the exfoliation process, the dish experiences 

a significant, sudden rise in temperature after each cycle. Excessively high temperatures are 

detrimental, as they can hinder the exfoliation process and may lead to the premature 

decomposition of NH4HCO3 before arc generation occurs. Therefore, it is essential to ensure 
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that the dish is adequately cooled between exfoliation cycles to maintain an optimal 

temperature. A properly cooled dish should remain safe to touch with bare hands, preventing 

overheating and preserving the integrity of the process. 

  

These considerations are essential for maintaining the stability of the process and achieving 

high-quality exfoliated graphene with reproducible results. 

Figure-4.5. The ceramic tiles that were used for the exfoliation of intercalated graphite 

 

So, for the successful exfoliation process, all the criteria discussed above must be maintained. 

 

4.3.1.7. Microwave exfoliation 

Another crucial factor for achieving spontaneous and uniform exfoliation is the even 

distribution of intercalated graphite across the dish. The layer of material should be carefully 

spread to maintain a thickness of approximately 1–2 mm. Uneven or lumpy layers can lead to 

localized heat accumulation, increasing the risk of material destruction or the decomposition of 

NH4HCO3. Proper layer uniformity ensures consistent thermal and electrical field interactions 

during the exfoliation process, maximizing efficiency and reducing the likelihood of defects. 
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 4.3.1.8. Purification of exfoliated graphene 

Following the exfoliation of intercalated graphite, most of the NH4HCO3 decomposed during 

the process; however, a small proportion remains undecomposed and must be eliminated to 

achieve a purified graphene product. Complete removal of residual NH4HCO3 was 

accomplished through thermal degradation, conducted in a controlled furnace environment at a 

temperature of 500 °C. 

 

To initiate the purification process, the furnace is preheated to the target temperature of 500 °C 

before the sample is introduced. The exfoliated material is then heated for a precise duration of 

20 minutes to ensure complete decomposition of the remaining NH4HCO3. This controlled 

thermal treatment converts residual chemicals into gaseous by-products, effectively removing 

them from the sample. It is critical to maintain the specified temperature and time parameters, 

as exceeding these conditions may lead to partial combustion of the exfoliated graphene, 

compromising its structural and functional integrity. The optimized purification process ensures 

the removal of all NH4HCO3 while preserving the quality of the exfoliated graphene. The 

resulting graphene product is free from chemical residues, making it suitable for subsequent 

characterization and applications. This method provides a reliable approach to obtaining high-

purity graphene through precise thermal control and adherence to defined processing 

conditions. 

 

Refractory ceramic tiles possess a structure similar to that of ceramic insulators, making them 

resistant to conductivity and unaffected by stray currents. An additional advantage of these 

ceramic tiles is their minimal moisture adsorption from the atmosphere. Before initiating the 

exfoliation process, the ceramic dish is preheated in a microwave to remove any residual 

moisture. It is then allowed to cool to a warm state before reuse. This preconditioning ensures 

optimal conditions for the exfoliation process, enabling it to proceed smoothly and 

spontaneously. The combination of low moisture adsorption and the preheating procedure 

enhances the efficiency and reliability of the exfoliation process, making refractory ceramic 

tiles an ideal choice for applications requiring thermal and electrical insulation. 

 

A critical criterion for successful microwave exfoliation is the precise control of the exfoliation 

time. The process is typically sustained until the occurrence of arc sparking ceases, indicating 

completion. The standard duration for complete exfoliation is approximately 90 seconds. 
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However, variations are observed based on specific parameters such as the quantity of the 

intercalating agent, the duration of intercalation, drying conditions, and the thickness of the 

macerals on the ceramic dish. In some cases, sparking concludes in as little as 45 seconds, while 

in others, it may persist for up to 120 seconds. For instances where sparking continues beyond 

the standard duration, a staged approach is employed to ensure safety and process efficiency. 

The microwave is initially operated for 60 seconds, after which the door is briefly opened to 

release accumulated gases such as NH3, H2O, and CO2 and to dissipate excess heat. This step 

prevents overheating and mitigates the risks associated with gas buildup. The microwave is then 

restarted and run in periodic intervals, typically for 30 seconds each, until the exfoliation 

process is complete. This systematic approach ensures optimal exfoliation while maintaining 

operational safety and accommodating variations in sample characteristics. 

 

According to the production procedure explained above, the product yield was about 99.85% 

based on the feed graphite only (Table 4.1). The overall yield of the MG does not greatly depend 

on the amount of feed charged. It slightly depends on the quantity of intercalating agents, and 

it was less than 0.01% based on each feed ratio. 
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4.3.2. Characterization 

 

4.3.2.1.  FT-IR spectroscopic analysis 

 

 

Figure-4.6: FT-IR spectrum of pure Graphite and synthesized Graphene. 

 

FT-IR deals with the infrared region of the electromagnetic spectrum, and it works by 

measuring how much light is absorbed by the bonds of vibrating molecules to provide a 

molecular fingerprint. FT-IR spectroscopy was carried out to investigate the surface chemical 

nature of graphite and exfoliated graphene. FT-IR spectra of graphite and exfoliated graphene 

are shown in Figure 4.6. The data obtained from the FT-IR machine was used directly without 

tuning to express the real scenarios. 

 

The microwave graphene exfoliation process did not incorporate any significant interaction 

between graphite and NH4HCO3, which might result in minimal chemical alteration of its 

structure. However, after tuning the original data twice, very minor interactions were observed 

at wavenumbers 3651 cm⁻¹ and 3218 cm⁻¹ O-H stretching, 2347 cm⁻¹ C-H stretch, 1652 cm⁻¹ 

C=O stretching vibration, 1509 cm⁻¹ and 1400 cm-1 aromatic C=C, and 1100 - 1000 cm⁻¹ 

bending of C-H (Zubair M., et. al., 2014). These peaks, however, exhibited neither significant 

height nor broadness, indicating weak or negligible chemical interactions. The microwave 

exfoliation process primarily facilitates the physical separation of graphene layers without 

inducing substantial chemical reactions. As a result, the graphene retains its original chemical 

structure while being effectively exfoliated. This means the microwave exfoliation method is 

predominantly a physical process, maintaining the chemical integrity of the graphene material. 
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4.3.2.2.  FT-Raman spectroscopic analysis 

 

 

Figure-4.7: FT-Raman spectrum of pure Graphite and synthesized Graphene. 

 

Figure 4.7 shows the FT-Raman spectrum of microwave graphene (MG) samples were 

characterized, revealing two prominent bands in the spectra, located at approximately 1385 

cm⁻¹ and 1585 cm⁻¹. The band at ~1385 cm⁻¹, referred to as the D band, originates from 

structural defects and imperfections, including graphitic edges and disordered carbon 

structures. Conversely, the band at ~1585 cm⁻¹, known as the G band, is associated with the in-

plane vibrational modes of sp²-hybridized carbon atoms within the graphite lattice. Together, 

these bands serve as critical indicators of the structural integrity and composition of the 

material. The intensity ratio of the G band to the D band (IG/ID) provides valuable insights into 

the degree of structural order in the rGO samples. This ratio varies substantially with the extent 

of reduction, offering a measure of changes in defect density and the re-establishment of 

graphitic domains. Specifically, higher (IG/ID) values indicate an enhanced graphitic order, 

which is typically attributed to the removal of oxygen-containing functional groups and the 

repair of structural defects during the exfoliation process. 
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4.3.2.3. XRD analysis 

X-ray Diffraction (XRD) has been used extensively for the examination of materials and thin 

films. Its effective use depends upon the crystallinity of materials. The technique is a bulk-

sensitive analytical method, but can be used to provide information relevant to surface changes 

in suitable circumstances. For example, XRD can provide useful information on the extent to 

which surface treatment of a carbon system has affected the bulk of the material. X-ray 

diffraction (XRD) is used for the primary characterization of material properties like crystal 

structure, crystallite size, and strain (Chilingarov N. S., et al., 2021), (Chamoli P., et. al., 2017), 

(Canever N., et al., 2022). 

 

Figure-4.8:  XRD spectrum of pure Graphite and Exfoliated Graphene. 

 

Table-4.6: XRD analysis data obtained from the different MG samples. 

Sl. No. Sample 

Name 

Major peak 100% Secondary peak  

(°) 2θ Height 

[cts] 

FWHM 

Left 

[°2θ] 

d-

spacing 

[Å] 

(°) 2θ Height 

[cts] 

FWHM 

Left 

[°2θ] 

d-

spacing 

[Å] 

% of 

Major 

peak 

01. Graphite 26.5011 24260.30 0.1791 3.36067 54.5773 805.10 0.2047 1.68014 3.32 

02. MG-1 26.5020 26126.58 0.1279 3.36056 54.6155 1213.21 0.1023 1.67905 4.64 

03. MG-2 26.6119 106911.80 0.2047 3.34694 54.7267 5927.43 0.1023 1.67591 5.54 

04. MG-3 26.5061 145276.60 0.1535 3.36006 54.6295 6647.13 0.2558 1.67866 4.58 

05. MG-4 26.5668 148992.50 0.1791 3.35251 54.6723 7930.87 0.1535 1.67744 5.32 
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Figure 4.8 shows the XRD patterns of the pure graphite and microwave exfoliated graphene, it 

is certain that the graphite sample shows a significant appearance of a sharp and strong 

diffraction peak at plane (002) at around 26.5011° of in XRD spectrum corresponding to the 

height 24260.30 cts, with full width at half maximum (FWHM) = 0.1791° 2θ and it 

corresponding to the layer spacing (d) is 3.36067 Å. Another significant secondary short peak 

at plane (004) at around 54.5773° with the area 3.32% of the major peak appears corresponding 

to the height 805.10 cts with FWHM = 0.2047° at 2θ, and it corresponds to the layer spacing 

(d) is 1.68014 Å. (Chilingarov N. S., et al., 2021).  

 

The microwave graphene samples of MG-1, MG-2, MG-3 and MG-4 samples showed the 

significant appearance of same sharper and stronger diffraction peak at plane (002) at around 

26.5020°, 26.6119°, 26.5061° and 26.5668° of in XRD spectrum corresponding to the height 

26126.58 cts, 106911.80 cts, 145276.60 cts and 148992.50 cts, with full width at half maximum 

(FWHM) = 0.1279° 2θ, 0.2047° 2θ, 0.1535° 2θ and 0.1791° 2θ and it corresponding to the layer 

spacing (d) is 3.36056 Å, 3.34694 Å, 3.36006 Å and 3.35251 Å respectively.  

 

Another significant secondary short peak at plane (004) with the area of MG-1, MG-2, MG-3 

and MG-4 samples were 4.64%, 5.54%, 4.58% and 5.32% of the major peak appears at around 

2θ = 54.6155°, 54.7267°, 54.6295° and 54.6723°, which corresponding to the height 1213.21 

cts, 5927.43 cts 6647.13 cts and 7930.87 cts with FWHM = 0.1023° 2θ, 0.1023° 2θ, 0.2558° 2θ 

and 0.1535° 2θ  and which corresponding to the layer spacing (d) is 1.67905 Å, 1.67591 Å, 

1.67866 Å and 1.67744 Å respectively. So, from the XRD data, it can be concluded that the 

microwave exfoliation did not change the graphite chemically or morphologically; only the 

layer thicknesses were reduced, i.e., the successful exfoliations were performed. 

 

Figure 4.9 shows the TGA analysis data of pure graphite and four MG samples. From the 

thermogravimetric analysis, acquired data of pure graphite it was observed that the sample was 

stable up to 600 oC. Beyond this temperature, the degradation started, and over 700 oC, the 

degradation rate increases significantly and steadily up to 850 oC. At this temperature, the 

residual mass was 52.79%.  
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4.3.2.4.  Thermogravimetric analysis (TGA)  

 

        * MGi= Microwave Graphene of Run-i (where i= 1, 2, 3 and 4) 

Figure-4.9:  Thermogravimetric (TGA) analysis data of pure Graphite and microwave 

exfoliated Graphene samples. 

 

The thermogravimetric analysis acquired data of microwave exfoliated graphene samples MG-1, 

MG-2, MG-3, and MG-4. It was found that the samples were stable up to 625 oC, 650 oC, 675 oC, 

and 700 oC, respectively. Beyond this temperature, the degradation started, and over 725 oC, 

750 oC, 775 oC, and 800 oC, respectively, the degradation rate increases significantly and 

steadily up to 850 oC. At this temperature, the residual mass was 62.39%, 75.74% 86.49% and 

88.10% respectively. So, it can be concluded from the thermogravimetric analysis acquired data 

of microwave exfoliated graphene that the degree of exfoliation increases the thermal stability 

of graphene significantly and steadily. 

 

4.3.2.5. FE-SEM image analysis 

Figure 4.10 shows the Field Emission Scanning Electron Microscope (FE-SEM) Image analysis 

data of pure Graphite and four microwave exfoliated Graphene samples. 
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Figure-4.10: FE-SEM Image analysis of a) pure graphite and b) MG-1, c) MG-2, d) MG-3, 

and e) MG-4 samples. 

 

 

 

a) b) 

c) d) 

e) 
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Table-4.7: Thickness and diameter of microwave graphene samples determined by the ImageJ 

software analysis of SEM images. 

Graphene Average thickness of 30 

measurements  

(nm) 

Average grain size in diameter of 30 

measurements 

(nm) 

MG-0 83.05 1827.162 

MG-1 16.201 142.157  

MG-2 14.959 141.961 

MG-3 13.572 141.465 

MG-4 12.935 139.567 

 

The FE-SEM images of graphene exfoliated from the graphite flakes by microwave synthesis 

using NH4HCO3 are presented in Figures 4 .10 (a)–(e). Figure 10 (a) revealed that the graphene 

reduced from graphite flakes consists of randomly aggregated, thin, crumbled sheets closely 

associated with each other and forming a disordered solid of average thickness about 83 nm 

and a grain size of average diameter 1827 nm. After exfoliation, the average diameter of 

graphene sheets was up to 142 nm, and the sheet's thickness was 16-12 nm. It can be noticed 

that it has a laminated structure in which a large number of sheets are stacked together. 

In Figure 4.10 (b), the graphene sheets break into pieces that are smaller than the graphite sheets 

in Figure 4.10 (a) and Figure 4.10 (b)-(e). All these samples show the morphology of graphene 

with slightly folded edges created during the ultrasonication of the colloidal dispersion.  
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4.4.   Application of MG in acid blue-25 removal from aqueous solution 

Application of Microwave Graphene for the removal of textile Acid blue dyes from water was 

studied 

 

4.4.1. Removal principal 

Acid Blue 25, a synthetic anthraquinone dye widely used in the textile, paper, and leather 

industries, poses significant environmental threats due to its persistence and toxicity. As a 

water-soluble amphoteric dye, it resists natural degradation processes, allowing it to persist in 

aquatic environments and cause long-term pollution. The discharge of Acid blue 25 into water 

bodies leads to pronounced coloration, reducing light penetration and disrupting 

photosynthesis, thereby impairing aquatic ecosystems and destabilizing food chains (Gadong 

B. D., 2016). 

 

The chemical structure of Acid blue 25 is shown in Figure 4.11 (Wikipedia.org). Under 

anaerobic conditions, the dye degrades into toxic by-products, such as aromatic amines, which 

are carcinogenic and mutagenic. These compounds pose severe health risks to aquatic 

organisms, including genotoxicity and bioaccumulation, and may cause skin irritation, 

respiratory issues, and carcinogenic effects in humans. Acid blue 25 also increases chemical 

oxygen demand (COD) and biological oxygen demand (BOD), depleting oxygen levels 

essential for aquatic life. Its high stability and resistance to conventional treatment methods 

highlight the urgent need for advanced remediation technologies, including adsorption 

techniques, advanced oxidation processes, and stringent regulatory measures, to mitigate its 

environmental impact. 

 

Figure-4.11: Chemical structure of Acid Blue 25 dye contains a lone pair of electrons. 
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So, removal of ABD is very important for a clean, safe, and sustainable environment. 

Microwave-assisted exfoliated graphene can be utilized for the removal of ABD from water. 

The π-π resonance interaction among the graphene molecules showed a strong attraction force 

to the lone pair electron available in the two Nitrogen atoms in the ABD. 

 

Microwave exfoliated graphene showed promising adsorption efficiency for removing Acid 

blue-25 dye (ABD) from water. This approach leverages graphene’s large surface area and 

enhanced surface charges, lads to increasing adsorption rates and efficiency while minimizing 

chemical additives and secondary pollutants. The method also allows graphene regeneration, 

making it environmentally friendly, cost-effective, and scalable for industries managing large 

volumes of dye-contaminated water.  

 

Figure-4.12: Stock solution of acid blue-25 dyes in water. 

 

4.4.2. Application of microwave graphene for the removal of textile acid blue dye 

Microwave-synthesized graphene has proven to be a highly efficient material for the removal 

of textile dyes, such as AB-25, from water, with optimal performance observed at a pH of 2.0 

(Gadong, 2016). At this acidic pH, the protonation of the dye molecules enhances their 

interaction with the negatively charged functional groups present on the graphene surface, 

facilitating efficient adsorption. The superior physicochemical properties of microwave 

graphene, including its high specific surface area, defect-rich structure, and abundant oxygen-

containing functional groups, contribute to its exceptional dye removal capabilities. These 

properties enable strong electrostatic attractions and π–π stacking interactions between the dye 

molecules and the graphene surface, ensuring high adsorption efficiency.  
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The material’s high adsorption capacity and fast adsorption kinetics allow for the efficient 

removal of large quantities of Acid blue dye in a short time, which is particularly beneficial for 

industrial-scale wastewater treatment. 

 

Table-4.8: Amount of solution passed through 0.5 g of different exfoliated graphene. 

Graphene Amount of MG  

(g) 

Amount of 100 ppm 

dye solution (L) 

dye removing ability 

(mg/g) 

Graphite 0.5 1.178 230.89 

MG-1 0.5 1.698 332.81 

MG-2 0.5 2.118 415.13 

MG-3 0.5 2.422 458.63 

MG-4 0.5 2.438 472.80 

 

Calculation of dye removal ability by different MG samples in Table 4.8: 

From the equation of dye removal efficiency,  

   % of dye removal qmax = 
C1−C2

g
 × Ve 

Where C1 is the initial concentration of the dye = 500 ppm 

C2 = the final concentrations of the dye after the adsorption process = 2 ppm 

g = weight in grams if graphene 0.5 g 

Ve = the final volume of dye solution after the adsorption process = 5372.8 

 

So, % of dye removal ability qmax = 472.80 mg/g 

   

4.4.3. Effect of the degree of exfoliation of microwave graphene on the removal efficiency 

Microwave-exfoliated graphene (MG) demonstrates high efficiency in the removal of ABD 

from aqueous solutions, with adsorption capacities ranging between 300–400 mg/g. However, 

the removal efficiency of MG is influenced by several factors, including pH, initial dye 

concentration, contact time, and the quality of MG. Among these, the quality of MG, which is 

determined by the degree of exfoliation, plays the most critical role in adsorption performance. 

Raw graphite exhibits an adsorption capacity of 231.4 mg/g of ABD at equilibrium after 24 

hours. Following exfoliation, the adsorption efficiency significantly improves due to the 

enhanced surface area and active sites available for adsorption. For instance, MG-1 showed an 

increased adsorption capacity of 275.5 mg/g. Further improvements were observed with higher 
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degrees of exfoliation, e.g., MG-2, MG-3, and MG-4 demonstrated adsorption capacities of 

318.7 mg/g, 382.1 mg/g, and 472.8 mg/g, respectively. These results highlight a strong 

correlation between the degree of exfoliation and the adsorption efficiency of MG.  

 

The findings suggest that optimizing the exfoliation process is essential for maximizing the 

adsorption performance of MG. The increased adsorption efficiency with higher exfoliation 

ratios can be attributed to the greater availability of functional groups and surface area, which 

facilitate enhanced interaction with ABD molecules. This study underscores the pivotal role of 

MG quality in determining its potential as an effective adsorbent for water treatment 

applications. 

 

Table-4.9: Removal of AB-25 dye from water solution at an initial concentration of 500 ppm 

using synthesized MG-0, MG-1, MG-2, MG-3, and MG-4 at pH = 2.  

 

Calculation of dye removal efficiency in percentage by different MG sample in Table-4.9: 

From the equation of dye removal efficiency,  

   % of dye removal = 
C1−C2

C1
 × 100 %. 

Where C1 is the initial concentration of the dye = 500 ppm. 

C2 = the final concentrations of the dye after the adsorption process = 27.2 ppm. 

So, % of dye removal  = 
500 ppm−27.2 ppm

500 ppm
 × 100 % 

  = 94.56% 

Adsorbent 

(Graphene) 

Amount of 

Adsorbent   

(g) 

Concentration of 

final dye solution 

(ppm) 

Dye removing 

ability (mg/g) 

% Removal 

MG-0 0.2 268.6 231.4 46.28 

MG-1 0.2 224.5 275.5 55.10 

MG-2 0.2 181.3 318.7 63.74 

MG-3 0.2 117.9 382.1 76.42 

MG-4 0.2 27.2 472.8 94.56 
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4.4.4. Effect of initial dye concentration on the removal efficiency 

One of the most important parameters for the removal of Acid Blue dye from water is the initial 

dye concentration. The contact time of adsorption also depends on the initial dye concentration. 

 

Table-4.10: Adsorption of Acid Blue dye from 500 mL water solution using MG-1, MG-2, MG-

3, and MG-4 at pH 2.0 in various initial concentrations: A) at 50 ppm, B) at 100 ppm, and C) 

at 200 ppm. 

 

 

Time  

(hrs.) 

Concentration  

(ppm) 

Concentration  

(ppm) 

Concentration  

(ppm) 

MWG-1 MWG-2 MWG-3 MWG-4 MWG-1 MWG-2 MWG-3 MWG-4 MWG-1 MWG-2 MWG-3 MWG-4 

0.0 50.0 50.0 50.0 50.0 100.0 100.0 100.0 100.0 200.0 200.0 200.0 200.0 

0.5 43.2 41.2 37.2 35.5 89.5 83.5 81.5 78.5 186.1 182.2 172.7 162.0 

1.0 38.5 34.0 28.5 24.5 80.6 72.6 69.9 65.2 175.6 169.4 153.4 142.0 

1.5 34.6 28.5 22.8 17.6 72.6 65.6 61.6 55.1 166.9 154.8 139.9 125.0 

2.0 31.8 25.1 17.8 12.6 65.8 57.8 52.8 46.1 158.2 143.2 127.4 112.7 

2.5 28.6 21.5 13.6 9.4 58.6 52.6 46.6 40.6 151.5 133.9 116.7 103.1 

3.0 26.1 18.6 11.1 6.6 52.2 46.2 41.2 35.2 145.1 126.4 108.0 94.4 

3.5 24.2 15.9 8.5 5.1 47.2 41.2 37.2 31.2 138.9 118.9 100.6 85.9 

4.0 21.7 13.7 6.9 3.5 43.6 37.6 33.6 27.6 134.7 113.5 95.8 78.6 

4.5 19.2 11.6 5.9 2.3 40.1 35.1 31.1 24.1 130.3 108.7 91.1 72.2 

5.0 16.7 10.2 4.6 1.6 38.3 32.3 27.9 20.7 125.9 103.5 85.4 65.8 

5.5 14.9 8.8 3.7 1.2 36.0 30.8 26.5 18.8 120.7 99.1 80.9 60.6 

6.0 13.2 7.1 2.9 1.0 34.2 28.7 24.2 17.2 116.3 95.2 77.4 56.1 

6.5 11.5 5.6 2.4 0.8 32.3 27.8 22.3 16.1 113.7 90.5 73.7 53.3 

7.0 9.7 4.7 1.8 0.6 30.2 26.2 21.7 14.9 110.2 87.5 71.6 50.5 

7.5 8.2 3.5 1.5 0.5 29.3 25.3 21.3 14.5 107.5 85.0 69.9 48.5 

8.0 6.8 2.9 1.2 0.5 28.9 24.9 20.9 14.2 104.1 82.5 67.2 47.8 

8.5 5.7 2.2 1.0 0.4 28.7 23.3 19.7 13.9 101.4 80.2 66.5 47.5 

9.0 4.6 1.9 0.8 0.4 28.5 22.5 18.9 13.7 99.1 78.1 65.9 47.1 

9.5 4.1 1.6 0.7 0.3 28.3 22.3 18.6 13.6 97.3 76.3 65.1 46.8 

10.0 3.6 1.4 0.6 0.3 28.1 22.1 18.3 13.6 95.5 75.7 64.5 46.6 

10.5 3.2 1.3 0.6 0.2 28.0 22.0 18.1 13.5 93.2 74.5 64.1 46.5 

11.0 3.2 1.2 0.6 0.2 28.0 22.0 18.0 13.5 90.8 74.3 63.7 46.4 

11.5 3.1 1.1 0.6 0.2 28.0 22.0 18.0 13.5 88.4 74.2 63.6 46.3 

12.0 3.0 1.1 0.6 0.2 28.0 22.0 18.0 13.5 86.1 74.1 63.5 46.2 
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Figure-4.13: Adsorption of ABD from water solution using microwave graphene a) MG-1, b) 

MG-2, c) MG-3, and d) MG-4 at pH 2.0 in various initial concentrations of A) 200 ppm, B) 100 

ppm, and C) 50 ppm, respectively. 

 

Table 4.10 and Figure 4.13 illustrate the relationship between the initial dye concentration and 

adsorption time during the removal of ABD from aqueous solutions. The experiment was 

conducted with initial concentrations of 200 ppm, 100 ppm, and 50 ppm in 500 mL ABD 

solutions, using 0.5 g of microwave-exfoliated graphene (MG) samples: MG-1, MG-2, MG-3, 

and MG-4. The total contact time for the adsorption process was set to 12 hours. 

 

The results indicate that for both the highest and lowest initial concentrations, 200 ppm and 50 

ppm, MG-1 reached equilibrium at a longer time of approximately 10.0 hours. However, the 

equilibrium time decreased with an increasing degree of exfoliation. Specifically, MG-2, MG-

3, and MG-4 reached equilibrium at 9.0, 7.5, and 6.5 hours, respectively, demonstrating a 

significant improvement in adsorption kinetics with better exfoliation quality. Interestingly, at 

a medium initial concentration of 100 ppm, the adsorption rate appears to be nearly constant 
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across all MG samples, with equilibrium times around 8.0 hours. This behavior can be attributed 

to the balance between the migration of dye molecules and the adsorption rate, which is 

influenced by both concentration and contact time. At lower and higher concentrations, the 

adsorption kinetics are more significantly affected by the degree of exfoliation, leading to 

variations in equilibrium time. These findings highlight the impact of both initial dye 

concentration and MG quality on adsorption efficiency and kinetics, providing valuable insights 

into optimizing conditions for effective Acid blue dye removal. 

 

4.4.5. Recyclability of MG 

Furthermore, microwave graphene exhibits excellent reusability, retaining a significant portion 

of its adsorption capacity after multiple regeneration cycles, which enhances its sustainability 

and economic viability. The optimal performance of microwave graphene at pH 2.0 underscores 

its suitability for treating acidic wastewater streams, commonly encountered in textile and 

dyeing industries. These attributes position microwave graphene as a promising material for 

sustainable and efficient dye removal in advanced water purification systems. 
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4.5. Conclusions 

It can be concluded from the above discussion that the microwave-assisted rapid exfoliation 

technique is well-suited for the direct synthesis of pristine graphene. It is a fast and scalable 

method for exfoliation of graphite in the presence of ammonium bicarbonate as the intercalation 

agent, which can be removed thermally for purification. The microwave exfoliation irradiates 

a huge energy that can be tolerated by insulator-type refractory decorative tiles with 20-30 mm 

thickness. The graphene showed little change in FT-IR analysis, i.e., the synthesis process 

didn’t incorporate any chemical reaction. It is also confirmed from the XRD analysis that both 

graphite and graphene samples showed a major diffraction pattern at the (002) plane and a 

minor diffraction pattern at the (004) plane at the same position. The exfoliation didn’t affect 

interplanar distance, which was around 3.35 Å. They differ only in the response intensity, and 

the intensity increased with the degree of exfoliation. The thermogravimetric analysis of the 

microwave exfoliated graphene showed that the graphene products were very stable up to 

600 °C temperature and beyond this temperature, a low degradation started at about 700 °C. 

After that, the degradation rate increased rapidly. At about 850 °C, the degradation of MG-1 

graphene was only 38%. With the increase of the degree of exfoliation, the stability of MG 

increased significantly, and for the MG-4 graphene, the degradation at 850 °C reduced to 12% 

by mass. The FE-SEM study of the microwave exfoliated graphene was analyzed by ImageJ 

software and found that the average grain size of the graphite is around 600 nm, and with the 

increase of the degree of exfoliation, the grain size reduced to 200 nm, and the average thickness 

of the exfoliated graphene layer reduced from 18 nm to 12 nm. 

 

The synthesized MG samples showed a very high removal efficiency of Acid blue dyes of 

94.56% with the highest adsorption capacity was 472.8 mg/g in just a few hours, and the 

efficiency was measured by UV-VIS analyses at pH value 2.0. 
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General Conclusions 

 
Hummer’s method was used to synthesize GOs from graphite, achieving a maximum oxygen-

to-carbon ratio of 66.7%. Optimal reaction conditions, with respect to yield and quality, were 

60–70 ℃ for 14–18 hours, producing 65–70% GOs. Higher temperatures and shorter reaction 

times reduced oxidation and yield. Unreacted feed acid liquor (FAL) was successfully recycled 

and reused for five consecutive cycles, with 80–90% recovery in each cycle. Recycling 

increased the moisture content by 0.5% per cycle, affecting the acid concentration and GOs 

particle size, which grew from 900 to 1660 nm. Ion chromatography (IC) revealed SO4
2– reacted 

more actively with K+ and Mn2+ ions than PO4
3–. Zeta potential of GOs increased with reaction 

temperatures up to 80–85 ℃. The study highlights how reaction parameters influence GOs 

properties and yield.  The reaction temperature impacted the reaction rate negatively (-0.204 

g/℃) and positively (+0.450 g/h) on reaction time. XPS analysis showed an oxygen-to-carbon 

atomic ratio of 66.7%, aligning with a 66.9% increase in product yield. Raman spectra 

confirmed the conversion of graphite to GOs with G and D bands at ~1355 cm⁻¹ and ~1575 

cm⁻¹, respectively. SEM images revealed a layered structure with a thickness of 200–260 nm. 

TGA indicated GOs' stability up to 75 ℃, with 75% decomposition at 193 ℃. Synthesized GOs 

effectively removed 343 mg/g of arsenic from aqueous solution with 98% efficiency. In this 

research, GOs were also synthesized using an acid liquor recycling technique to reduce 

production costs while maintaining product quality and consistency. GOs with an oxygen-to-

carbon ratio of 66.75% were successfully obtained. rGOs were synthesized from these GOs 

through thermal reduction at 98 °C, 180 °C, and 200 °C in water and kerosene mediums for 48 

and 96 hours. Hydrophobic rGO was produced in the kerosene medium. In the water medium, 

the oxygen content of GOs was reduced to 45.39% and 32.68% after 48 and 96 hours at 98 °C, 

respectively. In the reduction process, hydroxyl (-OH) groups were predominantly reduced 

compared to carbonyl (>C=O) and epoxy (C-O-C) groups. The degree of reduction of GOs in 

the nonpolar medium kerosene at 180 °C and 220 °C for 1 hour resulted in oxygen content 

reductions to 17.77% and 8.86%, respectively. This reduction method successfully eliminated 

all hydroxyl (-OH) groups and most carbonyl (>C=O) and epoxy (C-O-C) groups, leaving only 

trace amounts of (>C=O) and (C-O-C) groups. A double reduction process further converted 

rGO into extremely reduced rGO with an oxygen content of less than 2.49%, as confirmed by 

XPS analysis. XRD patterns validated the crystallinity of the synthesized rGO. The reduction 

of GOs was evidenced by the increased 2θ peaks at ~25° for the (002) plane in rGO, decreased 
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peaks at ~10–13° for the (001) plane in GOs, and unchanged peaks at ~43° (100). FE-SEM and 

TEM images revealed the formation of few-layer graphene. The compositional analysis of rGO 

was conducted using XPS analysis, and BET analysis indicated a mesoporous structure with a 

high surface area of 32.60 m²/g for rGO-KAA. A reaction mechanism for the thermal reduction 

process of GOs was also proposed in this study. Antimicrobial tests showed that hydrophilic 

rGO had superior activity against B. subtilis, S. aureus, E. coli, and S. typhi compared to 

hydrophobic rGO, while GOs exhibited no activity. The highest zone of inhibition was 19.5 

mm at 20 μg/mL after 24 hours, compared to 27.5 mm for standard tetracycline. This study 

utilized a microwave-assisted rapid exfoliation technique to synthesize pristine graphene using 

ammonium bicarbonate as an intercalation agent, which was thermally removed for 

purification. XRD confirmed no changes in interplanar distance (~3.35 Å), while 

thermogravimetric analysis showed stability up to 600 °C, with microwave graphene of MG-

1:4 exhibiting only 12% degradation at 850 °C. FE-SEM revealed a reduction in grain size from 

300 nm to 200 nm and layer thickness from 10 nm to 2 nm. The MG-4 sample showed the 

highest acid blue dyes (ABD) adsorption capacity of 472.8 mg/g (94.56%) at pH 2.0. This 

method is efficient, scalable, and chemical-free. Thus, GOs and rGO hold immense potential 

for wastewater treatment due to their high surface area, adsorption capacity, and functional 

tunability, offering sustainable solutions for industrial wastewater purification in the future. 
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