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Abstract 

 

Graphene oxide stands out as a promising candidate for numerous potential applications owing 

to its superior characteristics. Graphene oxide is primarily synthesized using Hummers' method 

or its modified version, involving a reaction with oxidizing agents like potassium permanganate 

(KMnO4), potassium chlorate (KClO3), or sodium nitrate (NaNO3) in corrosive oxidizing acid 

mixtures (H2SO4, H3PO4, HNO3). These multi-step methods generate hazardous gases (NOx, 

SOx) and carcinogens. The process also produces significant wastewater with residual acids and 

heavy metals, posing challenges in chemical waste disposal. Moreover, the rising cost of 

graphite makes the procedure unsuitable for large-scale production.  

In the light of above addressed issues, there has been very few reports published working on 

development of a facile and efficient method utilizing cost-effective precursors. Amongst the 

available methods for synthesis, the one-pot method has recently gained attention utilizing 

HNO3 as a single oxidant and Coal as the precursor. The present work has aimed to explore this 

one-pot process for its applicability to Indian coals and conversion to Graphene oxide. Then the 

potential of this coal-derived GO has been studied for its use as a nanofiller in enhancing the 

mechanical properties of E-Glass fiber-based epoxy composites. 

This thesis entitled “Synthesis of Graphene Oxide from Different Precursors and its Fiber-

Reinforced Nanocomposites” embodies the subject matter resulting out of this study and is 

divided into four Chapters.  

Chapter 1:  

It describes the background of nanomaterials, carbon-based nanomaterials including graphene 

and its derivatives along with literature survey and scope of the work. This Chapter discusses the 

detailed information about different synthesis methods for graphene from different precursors, 

i.e., coal and graphite and related advancements along with the limitations, utilization of these 
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types of nanofiller in polymer composites for improved mechanical performance. A thorough 

literature survey has been done to understand the reinforcement of different nanofillers in the E-

Glass based epoxy composites.  

Chapter 2: 

This chapter presents new data on the feasibility of using a facile one-pot process with HNO3 to 

synthesize graphene oxide (GO) from bituminous coal (BC) as well as anthracite coal procured 

from coalfields in India. The experiments demonstrate that a reduced concentration of 5M HNO3 

and a shorter oxidation time period of 5 hours are sufficient for bituminous coal, whereas semi-

anthracite coal (AC) requires 16M HNO3 and 72 hours of oxidation time. The synthesized graphene 

oxide from bituminous coal (BC-GO) and semi-anthracite coal (AC-GO) was characterized using 

various techniques including SEM-EDX, FTIR, XRD, XPS, BET-BJH, LRS, TEM, SAED, AFM, 

and DLS. These results were then compared with those for GO derived from graphite and purified 

AC using modified Hummers’ method. The characterization data revealed both similarities and 

significant differences in the properties of these materials. While TEM analysis revealed similar 

sheet-like morphology for both coal-derived and graphite-derived GO, XPS and FTIR data 

indicated the presence of graphitic compositions with observable peaks for C=C and C=O, as well 

as abundant functional groups containing oxygen and nitrogen. Surface and structure properties 

differed between coal-derived and graphite-derived GOs. Raman spectra of BC-GO showed a lower 

ID indicating fewer defects and preserved graphitic domains due to the use of less concentrated 

HNO3. Furthermore, the study explores the potential application of coal-derived GO by studying the 

mechanical properties of glass fiber-reinforced polymer nanocomposites with AC-GO as a 

nanofiller. The results demonstrate that coal-derived GO effectively enhances the mechanical 

properties of the nanocomposites.  
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Chapter 3: 

In this chapter, we have compared the effect of various precursor-based graphene oxide (GO) 

nanofillers on enhancing the mechanical performance of E-glass fiber reinforced epoxy resin 

composites (EGFPs). GO derived from bituminous coal (BC-GO) and graphite (Gr-GO) were 

dispersed into epoxy resin matrix. The resulting mixture was combined with E-glass fiber mats 

using vacuum-assisted resin infusion molding. Notable improvements (38.9 % in flexural strength, 

22.9 % in tensile strength, and 21.6 % in impact strength) were observed in BC-GO reinforced 

EGFPs at 0.25 phr loading of BC-GO. The improvements for Gr-GO reinforced EGFPs were 28 %, 

9.3 %, and 6.8 %, respectively. XRD analysis of BC-GO showed a diffraction peak at 2θ = 20.9°. 

Except for this peak, no other crystalline peaks were observed when BC-GO was incorporated into 

EGFPs. FTIR spectra of both composite samples, with or without the nanofiller, were similar due to 

the spectral peaks overlap. TEM demonstrated exfoliated morphology of BC-GO in EGFPs. These 

findings underscore the potential of BC-GO as a cost-effective reinforcement for polymer 

nanocomposites across various industrial applications, including the development of lightweight 

and strong materials for aerospace and automotive industries, protective coatings, petroleum, and 

aerospace production systems. 

Chapter 4: 

In this chapter, a comparative study depicting the synergistic performance of two different 

nanofillers, namely halloysite nanotubes (HNT) clay and multiwalled carbon nanotubes (MWCNT), 

in conjunction with a fixed concentration (0.125 phr) of semi-anthracite coal-derived graphene 

oxide (AC-GO) on enhancing the mechanical properties of E-glass fiber reinforced epoxy resin 

composites (EGFPs) is shown. The dispersion of AC-GO with HNT clay (GO-H) and AC-GO with 

MWCNT (GO-C) within the epoxy resin matrix was achieved using sonication and homogenization 

techniques. The resulting mixture was incorporated into E-glass fiber mats employing the “vacuum-
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assisted resin infusion molding” (VARIM) technique. Notable improvements (18.3% in flexural 

strength, 14.6% in tensile strength, and a slight increase in impact strength (1.8%)) were observed 

in EGFPs reinforced with GO-H at a 0.50 phr loading of HNT, with an AC-GO concentration 

maintained at 0.125 phr. Correspondingly, optimal values for GO-C reinforced EGFPs at 0.25 phr 

were 40.3%, 18.7%, and a 10.5% decrease in impact strength, respectively. Analytical techniques 

such as XRD, FESEM, EDX mapping, and FTIR revealed the presence of relatively abundant 

functional groups and strong interfacial adhesion between AC-GO and HNT, as well as AC-GO and 

MWCNT, contributing to enhanced mechanical properties through a synergistic combination of 

reinforcement, filler-matrix interaction, and particle packing density. Importantly, considering that 

the cost of HNT clay is approximately 15 times cheaper than industrial-grade MWCNTs, these 

findings underscore the potential of GO-H as a very cost-effective reinforcement alternative to GO-

C for polymer nanocomposites for various industrial applications.  
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Chapter 1. Introduction and Literature Review 

1.1. Graphene oxide 

The graphene unveiling in 2004 by Andre Geim and Konstantin Novoselov has spurred 

widespread exploration within the science community to uncover myriad potential utilizations of 

this material [1]. Graphene is frequently described as a 2D (two-dimensional) layer, comprising 

carbon atoms with sp2 hybridization arranged in a honeycomb-like or hexagonal structure [2]. Its 

thickness equals the diameter of an individual atom. Moreover, graphene is composed of pure 

carbon, where each carbon atom forms covalent bonds in same plane arrangement, and monolayer 

of graphene are interconnected through van der Waals forces [3]. To grasp the essence of 

graphene, one can view it as a smaller component of graphite with only a few layers. From this 

perspective, the concept of graphene and its characteristics is not a recent revelation, and its 

history extends back approximately 500 years [4]. Even during the middle ages, graphite was 

utilized to craft pencils for writing [5]. The remarkable properties of graphite, encompassing high 

thermal conductivity (around 3000 W/mK), in-plane electrical conductivity (approximately 104 

Ω−1cm−1), and the mechanical stiffness of its hexagonal network (1060 GPa), have rendered 

graphite indispensable across various industries and applications [6]. The global annual demand 

for graphite has soared to one million tons [7]. Extensively explored in various fields, graphene 

materials, and their derivatives, like GO (graphene oxide), and rGO (reduced graphene oxide) 

have garnered consideration [8]. This interest is driven by the existence of aromatic rings, reactive 

functionalities, and free π-π electrons in these materials [9]. Graphene derivatives share closely 

related 2D structures, yet subtle distinctions between them give rise to divergent physico-chemical 

properties. Numerous comprehensive reviews have chronicled the outstanding performance 

exhibited by graphene materials [10][11][12][13]. 

In graphene, the in-plane bond arises from sp2 hybridized orbitals, comprising s, px, and py 

orbitals, with the pz orbital being unbound and perpendicular to the plane. This configuration 
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results in a 2D plane with sigma bonds featuring very short interatomic lengths (~1.42 Å), 

imparting greater strength compared to the sp3 hybridized orbital in diamond. This robust C-C-C 

in-plane bond underlies the remarkable mechanical resistance of a graphene monolayer, evident in 

intrinsic tensile strength (130.5 GPa) and Young's modulus (1 TPa), respectively [14]. 

Furthermore, the half-filled π band contributes to a zero-band gap between valence and conductive 

bands, allowing for free-moving electrons within the graphene monolayer. The weak π bonds also 

result in a feeble Van der Waals interaction between monolayers, facilitating movement upon each 

other under very weak shear stress [15]. The primary objective of graphene derivatization is to 

customize its physical characteristics, including electronic structure, resistivity, surface energy, 

optical transmittance, luminescence, and mechanical behavior. GO serves as a representative 

instance of graphene modified through the incorporation of oxygen functionalities. A notable 

distinction lies in the ability to attach various types of functionalities to the graphene framework. 

Achieving the introduction of a single type of oxygen functionality onto graphene in a singular 

step is generally challenging. However, the oxidation of graphite-to-graphite oxide, followed by 

exfoliation to produce GO, tends to introduce different functionalities in varying proportions based 

on the conditions. Significantly, GO finds extensive use as an initial material for synthesizing 

other graphene derivatives and reduced graphene. Chemical, photochemical, thermal, microwave, 

and solvothermal methods stand out as the most commonly employed approaches for reducing GO 

[16]. Evidently, the potential applications of graphene derivatives are expanding at a rapid pace, 

keeping pace with the evolution of this material family. 

1.2. Synthesis approaches for GO 

Efficient and cost-effective synthesis of graphene continues to pose a challenge. Well before the 

recent surge in interest in graphene-based composites, significant progress had been made in the 

synthesis of GO. GO was first synthesized by Benjamin Brodie in 1859, predating the formal 

discovery of graphene. Brodie devised a method for producing graphite oxide, involving the 
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oxidation and exfoliation of natural crystalline graphite, which undoubtedly yielded a noticeable 

amount of single-layer GO [17]. Unfortunately, during that era, the significance of graphene was 

not yet known. It was only more than a century and a half later, following "The Rise of Graphene 

[18]," that Brodie's old invention was revisited as an efficient and economical means of producing 

this novel and promising material. Current approaches for producing GO leverage the notable 

intercalation capability of layered graphite. This involves allowing atoms of active metals and 

certain oxidation agents to permeate the spaces between the flat carbon layers of crystalline 

graphite. This process increases the interlayer distance and modifies the layer surfaces through the 

formation of chemically bonded functional groups. The synthesis method significantly impacts the 

structure of graphene products, often introducing defects, but not all defects necessarily degrade 

graphene properties; some can be beneficial [19]. Controlled defects may find applications in 

specific contexts. Various researchers have studied defects in graphene structures, categorizing 

them into two types: point defects and one-dimensional line defects. Liu et al. [20] delved into the 

specifics of graphene defects, citing examples like Stone-Wales dislocations, single vacancies, and 

clustered vacancies as point defects. Additionally, defects can occur at the graphene edges, 

resulting from local variations in reconstruction type or continuous removal of carbon atoms from 

the backbone [21].  

 Ultimately, the application of suitable oxidation agents induces the complete disassembly of the 

graphitic crystal into individual carbon monolayers with chemically modified surfaces [22]. 

Established techniques for producing graphene oxide (such as those by Brodie [23], Staudenmaier, 

and Hoffman [24]) involve the use of potent acids (nitric acid (HNO3) and/or sulphuric acid 

(H2SO4)) along with potassium chlorate (KClO3) as shown in figure 1.1. The widely adopted 

Hummers’-Offeman method utilizes a combination of concentrated H2SO4, NaNO3, and KMnO4. 

This method yields well and is more time-efficient compared to earlier approaches [25]. 

Hummers’ method offers several benefits over conventional methods like the KMnO4 usage as an 
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oxidizing agent (instead of KClO3, that evolves toxic gaseous ClO2) and the addition of NaNO3 

(resulting in in situ formation of HNO3 instead of utilizing HNO3 as solvent) [26]. Still, 

disadvantages of using it cannot be underestimated which include intensive oxidation and 

mechanical exfoliation to form GO [27]. The graphene production can be categorized by 

distinguish methods: Top-down method (mechanical and chemical exfoliation, chemical 

fabrication) and Bottom-up approach (pyrolysis, epitaxial growth, plasma synthesis, and chemical 

vapor deposition). Any approach which enhances the synthesis route as well as the final product 

proposed by Hummers’ is referred to as “modified Hummers’ method”. Figure 1.1 represents a 

brief history synthesis of graphene. 

 

Figure 1.1. A summarized history of events in the evolution of graphene derivatives 

In recent years, Tour et al. [28] showed the improved synthesis of GO via natural graphite flake 

(precursor). However, graphite flakes used are ultra-purified using harsh acid washing and then 

are used for GO synthesis. They used KMnO4, oxidant and H3PO4/H2SO4 in ratio 1:9 eliminating 

the use of NaNO3. Their improved phenomena provided a larger quantity of hydrophilic oxidized 
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material in comparison with other conventional methods. GO exhibits distorted sp2 bonding, and 

restoration of its honeycomb lattice, reduction approaches are frequently employed [29]. The 

reduction method often leads to elimination of most oxygen-based functionalities, like hydroxyl, 

carbonyl, and carboxylic in GO. However, achieving reduction of GO completely to yield pure 

graphene remains challenging. The resulting rGO typically exhibits a strong similarity to pristine 

graphene but with a dimensional variances and few defects [30]. The rGO quality is influenced 

through factors like the kind of reductant and process optimizations, including pressure, reduction 

time, temperature, and voltage [31]. Additionally, the C/O ratio indicates the effectiveness of 

reducing agent. A higher C/O ratio proposes a more extensive de-oxygenation, leading to rGO of 

higher quality [32]. Thermal, chemical, and electrochemical reduction methods are majorly used 

methods. Table 1.1 shows the recent literature on GO synthesis using graphite as the precursor. 

Table 1.1. Literature review on synthesis of graphene oxide from graphite 

S.No.  Materials 
used 

Technique Key results References 

1. Precursor: 
Natural 
graphite 

Three variations 
of Hummers’ 
method utilizing 
three distinct 
acid blends 

Explored safe and facile approaches 
for synthesizing rGO and GO of 
high-quality, avoiding the generation 
of toxic gases and keeping 
production temperatures low. 
The structural examinations 
indicated the existence of a 
crystalline phase of GO and 
established the GO reduction to rGO 
following 1h exposure to ultrasound.  

XPS and EDS analyses affirmed a 
notable rise in atomic concentration 
of oxygen-containing functional 
groups, in both GO-I and GO-II. 

FTIR findings validated the higher 
concentration of oxygen-based 
groups in GO-1 comparative to the 
other prepared GO samples. 

[33] 

2. Precursor: 
Graphite 

Tour method Synthesized GO using the Tour 
method and reduced GO using 

[34] 
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powder different parameters. 
Various factors considered included 
reaction duration, temperature, and 
concentration levels to examine the 
extent of graphite oxidation to 
graphene oxide.  

Findings indicated that subjecting 
graphite powder to a combination of 
KMnO4 (1:9) and concentrated 
H2SO4/H3PO4 acids at 50°C for 12 h 
yielded a superior degree of 
oxidation. 

3. Precursor: 
Natural 
graphite 
flake 

Modified 
Hummers’ 
method 

Several necessary processing 
materials were evaluated explicitly 
concerning the size distribution of 
GO sheets produced based on each 
set of these parameters. 
The use of larger graphite flakes did 
not produce large GO sheets. 
Increasing the degree of oxidation 
beyond that required for exfoliation 
resulted in small-sized GO sheets. 
Thermal expansion was found to be 
better than the exfoliation step. 

[35] 

4. Precursor: 
Natural 
graphite 
powder 

Modified 
Hummers’ 
method 

Proposed an enhanced approach to 
the Hummers' method for 
synthesizing GO, denoted as GO1 
without NaNO3 or as GO2 with 
NaNO3, and purified through dialysis 
and centrifugation. 
Improved synthesis method resulted 
in a maintained product yield and 
emergence of toxic gaseous 
N2O4/NO2. 
The yields of GO1 and GO2, 
expressed as the ratio of the weight 
of GO to the weight of graphite 
powder, were determined to be 92% 
± 3% and 96% ± 2%, respectively. 
XPS results confirmed, GO1 and 
GO2 have comparable oxidization 
degrees. 
Zeta potentials of GO1 and GO2 
suspensions came out to be 43.8 ± 
1.3 and 45.6 ± 0.6 mV because of the 
presence of carboxyl groups 
providing a negative charge. 
Additional findings reveal that GO 
produced by both the refined and 

[36] 
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traditional Hummers' techniques 
exhibit nearly identical dispersibility, 
chemical structures, thicknesses, and 
lateral dimensions. 

5. Precursor: 
Multiwalled-
carbon 
nanotubes 

Longitudinal 
unzipping of 
MWCNTs 

Different reaction conditions were 
investigated to assess the importance 
of each variable in the synthesis of 
GO nanoribbons. 
Discovered that adequate H2SO4 (90 
vol%) was vital for the complete 
formation and exfoliation of the 
nanoribbons, while raising the 
reaction temperature to 60°C was 
essential. 
Moreover, introducing 10 vol% of a 
secondary acid such as TFA or 
H3PO4 significantly improved the 
quality of the resulting nanoribbons. 
GO nanoribbons were produced with 
fewer defects, maintained < 100 nm 
wide, and maximized greater aspect 
ratio. 

[37] 

6. Precursor: 
Purified 
natural 
graphite 

Hummers’ 
method 

Investigated production of graphene-
based nanosheets through the 
chemical reduction of exfoliated 
graphite oxide. 
Reduction of exfoliated GO sheets in 
water with hydrazine results in a 
material with graphitic 
characteristics comparable to pristine 
graphite. 
Various characterization techniques 
of the reduced GO indicate that the 
hydrazine treatment results in 
unsaturated and conjugated carbon 
atoms, which in turn imparts 
electrical conductivity. 

[38] 

7. Precursor: 
Natural 
graphite 
powder 

Improved Tour 
method 
followed by 
reduction using 
ascorbic acid 
(AA) 

In GO FTIR spectra, peak at 1066 
cm-1 corresponds to C-O stretch, 
while the peak at 1288 cm-1 is 
identified as C-O-C bending. 
Additionally, C-OH bending is 
observed at 1587 cm-1. Carbonyl 
groups are evident at 1724 cm-1, 
indicating C=O stretching. A 
prominent peak observed at 3448 cm-

1 is assigned to the O-H stretching 
vibration of C-OH groups and the 
moisture content within the material. 
Conversely, in rGO, the peaks at 

[39] 
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1066, 1288, 1724, and 3448 cm-1 
disappear or notably diminish. 

8. Precursor: 
Natural 
graphite 

Modified 
Hummers’ 
approach 
following 
reduction using 
Fe powder 

Microscopic images reveal that the 
rGO material consists of thin, 
crumpled sheets that are randomly 
aggregated and closely interwoven 
with each other. 

XRD spectra show the peak at 10.3°, 
originally present in GO, got 
eliminated, while a broad peak at 
24.3° emerges. This shift signifies 
the extensive reduction of GO and 
the exfoliation of layered graphene 
nanosheets. 

[40] 

9. Precursor: 
Natural 
graphite 
powder 

Vacuum-
assisted thermal 
exfoliation and 
in situ reduction 
of graphite 
oxide 

The resulting graphene sheets, 
averaging 0.9 nm in thickness and 
possessing a specific surface area of 
758 m2g−1, match the characteristics 
of conventional graphene produced 
at 1050°C under atmospheric 
pressure (700 m2g−1). 

[41] 

10. Precursor: 
Graphite 
powder 

Chemical 
cleavage 
followed by 
reduction 
process and 
through liquid-
phase 
exfoliation 
methods 

GO synthesized by modified 
Hummers’ method had carboxylic 
acid, hydroxyl, and ether groups 
confirming that graphite was 
successfully oxidized.  

Consisted of 12 layers and the layer 
distance was in the range of 0.67–
0.72 nm. 

Inter-layer spacing of graphite was 
expanded from 0.3356 to 0.3364 nm 
in the case of the liquid exfoliation 
process. 

[42] 

11. Precursor: 
Graphite 
powder 

Modified 
Hummers’ 
method, 
followed by 
reduction with 
N2H4 

XRD findings suggest the 
disappearance of the 2θ at 26.4° 
peak, associated with d (002) of 
0.335 nm in graphite powder, 
indicates its transformation. A 
significant peak at 2θ=11.95°, 
conforming to a d-spacing of 0.754 
nm, suggests successful graphite 
oxidation and GO formation. 
Subsequently, a distinct diffraction 
peak at 2θ=22.5° signifies the 
formation of rGO flakes through 

[43] 
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hydrothermal reduction. 

12. Precursor: 
Natural 
graphite  

Modified 
Hummers’ 
method without 
using NaNO3 
(Drying 
temperatures, 60 
°C and 90 °C 
used) 

FTIR analysis reveals the existence 
of various functionalities, hydroxyl, 
carboxyl, and carbonyl. XRD results 
indicate a slightly larger interlayer 
spacing in GO60 (dried at 60 °C) 
compared to GO90 (dried at 90 °C).  

SEM images depict a uniform 
network of GO layers ranging from 
approximately 6 to 9 nm. 

[44] 

13. Precursor: 
Graphite 
flakes 

Modified 
Hummers’ 
method 

Decrease in the interlayer spacing for 
rGO (0.36 nm) when compared to 
GO (0.98 nm) confirmed the 
recovery of sp2 carbon atoms and the 
reduction of functionalities in GO.  

Higher C/O atomic ratio for rGO 
(4.44) than GO (1.59) obtained from 
the XPS data showed that reducing 
the graphite oxide with N2H4 reduced 
the oxygen-based functionalities. 

Confirmation of presence of GO and 
rGO were evident by the absorption 
peaks observed at 235 nm and 277 
nm. 

[45] 

14. Precursor: 
Graphite 
powder 

Modified 
Hummers’ 
method 

FTIR spectra indicated the existence 
of oxygen-containing functional 
groups, ensuring the thorough 
exfoliation of graphite into GO. 
XRD of the product showed the 
diffraction peak at (2θ = 26.7°) with 
d-spacing of 0.334 nm. 

[46] 

15. Precursor: 
Pure 
graphite 
powder 

Modified 
Hummers’ 
method 

SEM results indicate the acquisition 
of GO in several square microns. 

GO FTIR spectra reveal the 
existence of various functionalities in 
both samples, including hydroxyl, 
epoxy, carboxyl, and carbonyl. 

[47] 

 

The majority of the literature, as documented in Table 1.1, outlines the synthesis of GO through 

approaches like the Hummers’ method, its modified form, and the Tour method, followed by 

reduction methods to produce rGO.  
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Higginbotham et al. [48] utilized multiwalled CNTs and produced GO nanoribbons via their 

longitudinal zipping. This approach generates GO nanoribbons with reduced holes or defects on 

basal plane, preserves narrow ribbons measuring less than 100 nm in width, and increases high 

aspect ratio.  

Other than that, most of the conventional methods widely utilize graphite as the precursor for 

obtaining GO. Hummers’ method offers several benefits over conventional methods like the use of 

KMnO4 as an oxidizer and the addition of NaNO3. Still, disadvantages of using the advanced 

Hummers’ method cannot be underestimated since it includes intensive oxidation and mechanical 

exfoliation to form GO. The utilization of multiple oxidants at multiple steps makes the process 

tedious and presents health hazards. All these limitations associated with different approaches 

make the investigations till now inappropriate for inexpensive potential mass scalability. 

Therefore, it calls for a relatively inexpensive method, which is environmentally more benign and 

can be customized to different sources of precursors such as coal, plastics, biomass, etc. 

1.3. Different precursors for GO synthesis: Coal vs Graphite 

Over the past decade, significant advancements have been made in the commercially feasible, 

large-scale graphene production, an advanced carbon nanomaterial with diverse applications in 

composites, energy storage, sensors, and membranes owing to its excellent properties (figure 1.2). 

The growing demand has driven numerous global research initiatives, resulting in significant 

breakthroughs in both fundamental science and state-of-the-art utilizations. Previous literature on 

graphene highlighted a common challenge: increased production yield often accompanied 

substandard graphene quality, limiting commercial viability. However, recent studies in graphene 

synthesis reveal an emerging trend—utilizing naturally available carbonaceous sources to produce 

low-cost graphene derivatives [49]. Till date, graphite stands as primary precursor for GO 

synthesis. Graphitic materials fall into two primary categories based on the arrangement of their 
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graphene layers. The first category features a hexagonal lattice of carbons, commonly known as 

graphite. This structure is characterized by a thermodynamically stable, regularly packed layered 

arrangement denoted as … ABAB …, bonded together by van der Waals forces. The second 

category is turbostratic carbon, where graphene layers are organized in a disordered fashion, 

exhibiting tilts, bends, random orientations, translations with each other, and rotations concerning 

the normal of the graphene layers. Through series of chemical processes, typically involving 

strong acids and oxidizing agents, graphite undergoes oxidation and exfoliation, transforming into 

graphene oxide [50]. The initial layered structure of graphite is disrupted, introducing oxygen-

based functionalities such as carbonyl, hydroxyl, and carboxyl, onto the layers of graphene. This 

modification imparts hydrophilicity and enhanced reactivity to the resulting GO [51]. The 

versatility of graphite as a precursor underscores its significance in the production of GO, a 

material valued for its wide-ranging applications in various fields, including composites, sensors, 

and energy storage devices [52].  

Being an exemplar of Bernal (or AB)-stacked graphitic material, both natural and synthetic 

graphite present their own set of challenges. The cost of the precursor material, graphite, has 

experienced a consistent upward trend in recent years. This rise is attributed to the escalating 

demand driven by the expanding electric car battery markets and lithium-ion battery 

manufacturers [53][54]. As per the Canaccord Genuity report in 2017, the overall demand for 

graphite from lithium-ion batteries is projected to surge from 150 kilotons in 2015 to over 1 

million tons in 2025, indicating a compound annual growth rate (CAGR) of 23% [55]. Also, 

natural graphite is constrained by geographical limitations and is typically localized establishing a 

dependency on imports for the production of these materials. Furthermore, the synthesis of 

graphite involves substantial costs, primarily stemming from the use of petroleum byproducts as 

precursors and the exceptionally high temperatures required, which can reach up to 3000°C [56]. 
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Unlocking the complete potential of graphene as a revolutionary material (remarkable properties 

shown in figure 1.2) with diverse applications impacting various facets of our daily lives requires 

the exploration of alternative precursor materials and environmentally friendly processes for cost-

effective mass production. Unsurprisingly, this constitutes a vibrant and ongoing research focus in 

both academic and industrial spheres [57]. 

Coal, a naturally abundant fossil fuel, serves as a rich source of carbon globally [58]. Through the 

bio-geochemical process of coalification, involving high heat and pressure acting on plant 

materials, the organic species (C, H, S, O, and N) undergo metamorphic transformation. This 

process destroys organic molecules while preserving carbon. The content of carbon varies based 

on the coalification level, resulting in a range from low to high grade [59]. Coal is typically 

divided into lignite (70 wt%), bituminous (75–85 wt%), and anthracite (95 wt%). These coal types 

can be converted to graphitic structures through shear stress, elevated temperature, and pressure 

[60][61]. Coal is a heterogeneous nanostructure formed by the arrangement of aromatic units, 

characterized by a three-dimensional crosslinked interconnected network arising from short 

aliphatic and ether bonds [62]. Also, coal consists of crystalline carbon with Å or nm-scaled 

graphitic domains featuring short-range graphite-like order and a few layers. This structure is 

commonly referred to as turbostratic graphitic structure (figure 1.2). Additionally, coal contains 

completely amorphous carbon, lacking a crystalline structure, alongside polymerized aromatic 

hydrocarbon units and defects interconnected by cross-links, with variable amounts of other 

elements [63]. The term turbostratic carbon denotes a lower stacking order between adjacent 

graphene layers and a larger interlayer spacing (>0.342 nm), in contrast to the crystalline 

graphite's interlayer spacing, which is generally 0.335 nm [64]. According to findings in [65], the 

structural model of pyrolyzed carbon suggests a composition of perfect, planar graphite-like layers 

alongside a highly disordered form, lacking mutual orientations. As discussed earlier, the physico-

chemical properties of coal vary based on its location and grade, but they consistently exhibit 
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numerous poly-aromatic structures akin to the sp2 bonding character of graphene. Consequently, 

coal emerges as a promising precursor for carbonaceous nanomaterials, including graphene [66].  

 

Figure 1.2. Properties of graphene oxide and its potential precursor for synthesis 

The primary focus of academic researchers has been on transforming coal into highly ordered 

graphitic carbon, subsequently employing a chemical-intensive oxidation process. Pakhira et al. 

[67] documented their research on GO synthesis by leaching low-grade coal with HNO3. 

Following the thermal removal of excess acid, they generated large GO sheets. Nevertheless, these 

sheets demonstrated instability in an acidic environment and adopted a spherical morphology, 

exhibiting both closed and open characteristics. Yan et al. [68] outline a convenient method for 

directly converting anthracite into multilayer graphene sheets in the presence of molten iron. By 

adjusting the ratio of iron to anthracite in the initial reactant, they can control the morphology and 

layer number of the resulting multilayer graphene sheets. Their findings indicate that when the 

iron to anthracite ratio is approximately 10:1, multilayer graphene sheets with around 2–4 layers 

can be obtained. Purwandari et al. [69] utilized bituminous coal and employed a combination of 

exfoliation and Hummers’ method to isolate graphite. They observed a higher d-spacing in GO 

compared to coal-graphite, along with the presence of various functional groups. In a similar 
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approach, Savitskii et al. [70] explored the chemical oxidation of different coal types, including 

brown coal, anthracite, low-volatile bituminous, and bituminous coal. Their findings indicated 

anthracite coal as an effective precursor for the colloidal dispersion of GO, with a size distribution 

in the range of 122−190 nm. Additionally, the existence of oxygen functionalities at 3420 cm−1 

(OH), 1053 and 1226 cm−1 (C−O), and 1293 and 1720 cm−1 (C=O) was reported. Table 1.2 shows 

the literature on the synthesis of graphene derivatives from coal using different approaches.  

Table 1.2. Literature review on synthesis of GO from coal 

S.No.  Material used Technique Key results References 

1. Bituminous coal 
(coal mine in 
Sawahlunto-
Sinjunjung, 
West Sumatra, 
Indonesia) 

Exfoliation 
with modified 
Hummers’ 
method 

XRD diffraction peak at 2Ө= 
11.08°, derived from inter-GO 
diffraction from bituminous coal 
with 0.72nm interlayer distance 
resulting from oxidation of coal; 
used the coal without any pre-
treatment.  

SEM revealed a smooth and crimped 
surface of GO.  

[69] 

2. Semi-
bituminous coal 
(eastern Indian 
region) 

Treatment of 
the 
demineralized 
coal in 
concentrated 
H2SO4 
followed by 
modified 
Hummers’ 
method 
(involving 
ultra-
sonication) 

XRD diffraction peak at 2θ = 12.5° 
corresponds to the (001) plane, with 
a d-spacing of ~0.789 nm, thereby 
confirming the formation of GO; 
synthesized GO has a d-spacing 
larger than the commercially 
available graphite (0.343 nm). 

Raman spectra of GO reveal two 
peaks at 1350 cm−1 (D-band) and 
1590 cm−1 (G-band), with an ID/IG 
value of approximately 1.04. 

[71] 

3. Coal (China) Solution 
phase 
technique 

Results revealed the small and 
monolayer GO sheet. 

XRD diffraction peak at 2Ө= 21.5°, 
which came from the inter-GO 
diffraction, shows a d-spacing of 
0.41 nm; d-spacing is a little larger 
than that of the normal graphite for 
the present of functional groups but 
smaller than that of GO from 

[72] 
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graphite. 

4. Bituminous coal  Improved 
modified 
Hummers’ 
method 

XRD peak of GO appeared at a 
value of 2θ = 11.3°, with a d spacing 
corresponding to 0.8 nm, revealing 
the laminar structure with increased 
d-spacing in GO. 

Additionally, the peak at 2θ = 
25.01° indicates that the distance 
between graphite layers has been 
significantly increased during the 
thermal treatment. 

[73] 

5. Sub-bituminous 
coal (Pakistan) 

Hummers’ 
method 
followed by 
reduction 
through N2H4 

A broad shoulder was observed in 
GO analysis from 15º to 22º, 
indicating that the graphene oxide 
produced is amorphous. This 
shoulder after reduction shifted 
towards a higher degree, confirming 
that the material has exfoliated after 
reduction, and the rGO produced has 
smaller interplanar spacing than GO. 

[74] 

6. Lignite (Puhe 
Coal Mine, 
Shenbei Mining 
Area, Liaoning 
Province, 
China) 

Conventional 
Hummers’ 
method 

Computed interlayer spacing derived 
from the (002) peak of GO is 8.27 Å 
(2θ = 10.7º), surpassing the value for 
synthetic graphite (3.38 Å), while 
raw coal typically exhibits a 2θ 
around 24º. 

[75] 

7. Coal (Dera 
Underground 
Mines, Talcher, 
Angul, Odisha, 
India) 

Modified 
Hummers’ 
method 

Mineralized coal showcases a 
diffraction peak at roughly 2θ of 
26.05°, corresponding to an 
interlayer spacing (d) of 3.423 Å 
with Miller indices (002), validating 
the presence of graphitic layers 
within the coal. Furthermore, the 
coal powder manifests two peaks at 
41.51° and 55.97° attributed to the 
(101) and (004) diffraction planes of 
its graphitic layers. In contrast, GO 
exhibits a notable diffraction peak at 
approximately 2θ of 14.26° with an 
interplanar spacing of 6.2 Å 
assigned to the (001) diffraction 
plane. Moreover, a broad peak at 
about 42.25°, corresponding to the 
(100) plane, signifies the short-range 
order in the graphene nanolayers, 
confirming the successful GO 

[76] 
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synthesis from coal. 

8. Low-quality 
subbituminous 
coals (Changki 
colliery, CC), 
Nagaland and 
Jadi colliery 
(Garo Hills, 
Meghalaya) 
located in the 
NER of India 

Ultrasonic-
assisted 
production of 
activated 
carbons 

The XRD peak of raw coal CC and 
oxidized coal CC at 2θ = 26º can be 
interpreted with reference to the 
small-dimension crystallites which 
are perpendicular to aromatic layers 
whereas in case of other coal the 
oxidation results in peak shift to 2θ 
= 24.01º.  

[77] 

9. Sub-bituminous 
coal (Indonesia) 

Pyrolysis of 
coal followed 
by 
hydrothermal 
process and 
exfoliation 

Coal XRD displays a peak at 21.40° 
indicating carbonyl groups (d = 
7.336 Å) and peaks at 24.86° and 
43.96° confirm graphene nanosheets 
(d = 2.583 Å) (right shift indicating 
reduction). 

[78] 

10. Sub-bituminous 
coal (Uluiwoi, 
Kolaka Timur, 
South East 
Sulawesi, 
Indonesia) 

Modified 
Hummers’ 
method 

XRD pattern of coal shows an 
amorphous pattern with a wide peak 
at 2θ position of 15 – 20°; after the 
coal was processed into GO, the 
XRD spectrum was changed with 
the emergence of new peaks at 2θ 
position of 12.2°.  

[79] 

11. Sub-bituminous 
powder river 
basin coal from 
Wyoming 

Multistep 
coal 
fractionation 
followed by 
Chemical 
Vapor 
Deposition 
(CVD) 

11-layered defect-free graphene on 
Ni and graphite with high defects on 
Cu was obtained.  

 

[80] 

12. Australian 
bituminous coal 

Catalytic 
process (Fe) 
under 
microwave 
heat 
treatment 

In Raman mapping, the sample 
loaded with the catalyst exhibited a 
uniform distribution, indicating the 
presence of a few-layer graphene 
(FLG). 

AFM measured the FLG thickness 
around 4.5 nm 

 

[81] 

13. Sub-bituminous 
coal 

CVD on 
copper (Cu) 
substrates 

Raman spectra of graphene films 
reveal the 1350 cm−1 (D band), at 
1575 cm−1 (G band), and at 2700 
cm−1 (2D band). 

TEM shows the edge of the 

[82] 
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graphene film revealing the bi-layers 
of the coal-derived graphene films. 

14. Coal Modified 
Hummers’ 
method 

Presence of edge oxygen 
functionalities in coal-derived 
graphene sheets induces fluorescent 
properties. 

XRD, FESEM, and HRTEM 
findings suggest the creation of 
micro-sized 2D sheets comprising a 
few layers of sp2-bonded carbons. 

[83] 

15. Sub-bituminous 
Wyodak coal 

CVD on Cu 
substrates 

The graphene films over a large area 
displayed uniformity and continuity, 
as evident from the AFM and TEM 
images. 

[84] 

16. Powder River 
Basin coal 

HNO3 
method along 
with 
disparities of 
Hummers’ 
method 

In graphene nanomaterials derived 
from coal, an additional Raman 
feature, D″, associated with the 
amorphous phase is identified. 

Annealing (1000°C) significantly 
diminishes the oxygen in graphene 
oxide derivative from coal, with the 
restoration of the graphitic d-spacing 
occurring at 1500 °C. 

[85] 

17. Dried 
electrolyzed 
coal char 

CVD Raman spectrum of the synthesized 
films shows the 2D band feature of 
graphene. 

TEM images and SAED pattern 
show morphology and typical 
hexagonal crystalline structure of 
graphene films. 

[86] 

18. Sub-bituminous 
coal 

Oxidation of 
coal with 
mineral  

acid 

Within the coal structure, the 
crystalline carbon is more readily 
displaced by mineral acid oxidation, 
leading to the formation of nm-sized 
graphitic sheets. 

Raman analysis indicates the 
formation of finite-sized, less 
defective, few-layer graphene 
through the chemical leaching of 
coal. 

[87] 

19. Coal marcels Improved 
Hummers’ 
method 
followed by 

XRD data demonstrates that at high-
temperature graphitization, the layer 
spacing d002 for each sample is 
reduced to less than 0.3400 nm. 

[88] 
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chemical 
reduction 
through 
N2H4.H2O 

Additionally, the lamellar crystallite 
sizes La and Lc range from 7.70 to 
21.09 nm and 11.53 to 16.94 nm, 
respectively, in coal-based graphene. 

SEM and TEM data indicate that 
inertinite tends to adopt a flat 
graphene structure with four to six 
layers, displaying favorable light 
transmission properties. 

20. Sub-bituminous 
coal, Shaanxi 
Province 
(China) 

High 
temperature 
graphitization 
followed by 
modified 
Hummers’ 
method 

Prepared a composite of GO and 
rGO with TiO2, therefore, weak 
characteristic peaks of the functional 
groups related to GO and rGO were 
observed due to low graphene 
content.  

Furthermore, in XRD, the 
diffraction peaks of isolated GO or 
rGO were not observed, likely 
attributed to the limited quantity of 
GO or rGO in the composites. 

[89] 

21. Semi-anthracite 
coal region in 
Northeast 
Pennsylvania, 
USA 

Facile one-
pot method 
using a single 
oxidant, 
HNO3 
followed by 
thermal 
reduction 

The surface features of Coal-GO 
reveal presence of nitrogen, both 
originating from the raw coal and 
introduced during the process. 

Coal-rGO featured multilayer 
graphene nanosheets with lateral 
sizes ranging from 300 to 700 nm 
(TEM and AFM). 

In Coal-GO, the predominant 
evolution of carboxylic groups 
occurs at edges of the graphene. 

[90][91] 

 

From table 1.2, it can be inferred that references, [69], [71], [73], [74], [75], [76], [79], [83], [85], 

[88], [89] follows the conventional approach, i.e., Hummers’ method, modified Hummers’ 

method, improved Hummers’ method. Das et al. [71] employed demineralization using H2SO4 

(concentrated) in the NaNO2 presence followed by HNO3 addition in an ultrasonication system at 

80 °C to obtain GO. Kumar et al. [73] used an improved modified Hummers’ method with few 

modifications in which bituminous coal powder was combined with NaNO3 and H2SO4 and stirred 
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at 80°C for 24 hrs. Further cooling to room temperature, solution was diluted with 1M HNO3, 

leading to the precipitation of GO at 7200 rpm centrifugation for 10 min. Resulting powder was 

washed and this solution was applied to quartz surfaces using piranha, followed by thermal 

treatment under argon flow at 900 °C for 5 hours to produce graphene. These procedures involve 

many steps and generate harmful NOx (nitrogen oxides), SOx (sulfur oxides), as well as some 

carcinogens, during the oxidation process. Moreover, substantial amounts of untreated water 

constituting heavy metals and residual acids metals pose challenges for chemical waste discarding 

[92]. Also, the bottom-up approaches like CVD are highly expensive and unsuitable for large-

scale production [93]. Leandro et al. [85] used the HNO3 method with few changes to Hummers’ 

approach. In their method, coal powder sample was combined with 70% concentrated HNO3 as an 

oxidizing agent (replaced with harsh oxidants) which was diluted using distilled water (3:1 volume 

ratio). At 70 °C, after an ultrasonic bath, sample was further diluted with water to 1:10 ratio. The 

solution underwent filtration till the achievement of pH level of about 6.5, followed by freeze-

drying to obtain GO. Moreover, to showcase the utility of HNO3-derived GO, GO was subjected 

to high-temperature thermal reduction. Annealing at 1000 °C significantly decreases the content of 

oxygen in GO obtained from coal, leading to the restoration of graphitic interlayer spacing at 1500 

°C. Further annealing at temperatures till 2500 °C transforms the morphology from large 

aggregates to micron-sized layered structures. Also, HNO3 reduced GO showed the substantial 

number of defects.  

Several researchers have documented the extraction and separation of carbon nanomaterials, such 

as graphene oxide, carbon dots, few-layered graphene, etc., from coal possessing crystalline 

domains. This process involves severe oxidation-exfoliation method employing a mixture of 

concentrated acids and oxidants. Traditionally, HNO3 has served as a widely used oxidizing agent, 

typically employed alongside other oxidative reagents like H2SO4, H2O2, and HF. This is followed 
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by a sonication-mediated approach aimed at eliminating metal impurities or amorphous carbons 

from highly stacked graphitic carbons, inclusive of CNT (carbon nanotubes). 

In any attempt to convert coal into graphene, it is essential to safeguard the graphitic domains 

while addressing the transformation of aliphatic hydrocarbons present in coal. Mahajan and Lee 

[90] devised a cost-effective method for producing graphene from semi-anthracite coal while 

preserving these graphitic domains. A schematic illustration is given in figure 1.3. According to 

the authors, their innovative process, utilizing coal as the precursor, boasts an order of magnitude 

lower cost compared to the modified Hummers’ method, which employs graphite as the precursor. 

The cost-effectiveness is attributed to the relatively lower consumption of chemicals, with only 16 

M HNO3 utilized.  

 

Figure 1.3. Schematic representation of one-pot process for Coal-GO synthesis ( where, i, ii- coal 

purification followed by oxidative scissoring and iii- exfoliation) [91] 

The unique coal structure facilitates a mild HNO3 oxidation process to produce GO. 

Characterization through TEM and AFM reveals few-layered graphene nanosheets in Coal-rGO 

and Coal-GO with lateral sizes, 300-700 nm. While Coal-rGO shares morphological similarities 

with graphite-procured graphene, it differs in surface and structural features. In Coal-GO, 

carboxylic functionalities mainly emerge at the edges of graphene, minimizing the impact on c-
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direction during HNO3 oxidation. The basal plane damage to is negligible, preserving the 

graphene clusters in coal. Conventional thermal reduction converts Coal-GO to Coal-rGO, and the 

physicochemical properties are significantly influenced by the initial graphitic material. The 

general schematic representation of both modified Hummers’ method and newly developed one-

pot method is illustrated in figure 1.4.  

 

Figure 1.4. Schematic representation of conventionally used modified Hummers’ method and the 

recent one-pot process for GO synthesis  

The graphite received from the market is already purified via strong chemical washings, whereas 

the coal we purchase needs to be purified first, setting up a comparison between the two purified 

forms. The category of graphene derivatives has experienced rapid expansion, particularly in the 

past decade. The large-scale production via a facile and efficient approach is the ultimate need of 

the hour. With the suitable approach (cost-effectiveness at a large scale, lesser utilization of toxic 

chemicals leading to reduced gaseous emissions, reduced chemical waste disposal problems), one 
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can explore the full potential of graphene in polymer composites, sensing fields, optoelectronics, 

wastewater treatment plants, drug delivery operations, and various other fields [16].  

1.4. Graphene oxide as reinforcing nanofiller in EGFPs for enhanced mechanical properties 

Composite materials blend the properties of two or more materials, resulting in characteristics that 

cannot be achieved by either the fiber or matrix individually [94]. They exhibit anisotropic 

characteristics with distinct boundaries between the combined components, resulting in a unique 

set of properties and a superior strength-to-weight ratio. Glass fiber-reinforced polymeric (GFRP) 

composites, a widely utilized variant, have been effectively applied in engineering applications for 

several decades [95]. The matrix in GFRP composites consists of organic resins like polyester, 

thermostable resins such as vinyl ester and phenolic, and epoxy resins. Different types of glass 

fiber reinforcements, including long longitudinal, woven mat, chopped fiber (distinct), and 

chopped mat, have been incorporated into the composites to improve their mechanical and 

tribological properties. The mechanical behavior of fiber-reinforced composites relies on factors 

such as fiber strength and modulus, chemical stability, matrix strength, and the interface bonding 

between the fiber and matrix for effective stress transfer [96]. In general, the behavior of GFRPs is 

primarily influenced by the properties of glass fibers, the mechanical properties of the polymer 

matrix, and the interfacial adhesion between glass fibers and the polymer matrix. 

Thermoset materials are typically in a liquid or malleable state before curing and cannot be 

reheated once they have hardened. Epoxy stands out as the most utilized thermosetting matrix in 

fiber-reinforced polymer nanocomposites due to its low density, high chemical stability, excellent 

bonding ability, and favorable mechanical properties [97]. Glass fiber-reinforced epoxy 

composites are known for their strong static mechanical properties, although they may lack in 

impact strength. The curing process involves the cross-linking of epoxy resins with a hardener 

through a polymerization reaction. The resulting cured resins exhibit superior characteristics, 
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including high strength, stiffness, and an elevated glass transition temperature [98]. Nevertheless, 

certain drawbacks highlight notably unsatisfactory properties, with a higher cross-link density 

leading to reduced fracture toughness, limiting their applicability. Several researchers have 

observed that the elevated cross-link density in pristine epoxies diminishes their fracture 

toughness due to internal stresses induced during the curing process. In high cross-link density 

epoxies, resistance to crack initiation is minimal, and void growth resulting from plastic 

deformation is constrained [99].  

Addressing these drawbacks involves modifying epoxy resins by incorporating various nanofillers 

as a second microphase for advanced composite applications. The incorporation of nanofillers into 

epoxy resins represents a strategy to enhance the fracture toughness of thermosetting polymers. 

Figure 1.5 represents the structural aspects of potential nanofillers extensively used in GFRPs 

solely or in combination.  

 

Figure 1.5. Different types of nanofillers used in GFRPs  
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While epoxy resins offer benefits such as good stiffness, specific strength, and low cure shrinkage, 

the addition of fillers allows for further enhancement and tailoring of epoxy performance for 

specific applications. The emergence of nanocomposites has garnered significant interest among 

researchers, with studies indicating that the mechanical properties and toughness of materials can 

be significantly improved through the use of promising fillers [100].  

To attain optimal performance in nanocomposites, it is essential to ensure the proper dispersion of 

nanofillers within the resin [100]. Numerous researchers have investigated the dispersion of 

various nanomaterials into epoxy matrices [101]. Achieving homogeneous dispersions is crucial 

for adequate reinforcement, leading to a significant enhancement in nanocomposite performance 

through effective load transfer to the nanomaterials. Additionally, a higher aspect ratio, alignment, 

and stress transfer contribute to the improved performance of the polymer [102]. There are two 

primary methods for dispersing nanomaterials in the resin: mechanical and surface 

functionalization methods [103]. Techniques such as solution mixing, ultra-sonication, 

calendaring (three roll mills), and ball milling are commonly used for dispersion, depending on the 

type of nanomaterial. Solution mixing, which involves processing nanofiller/polymer by mixing 

with an appropriate solvent, is the most prevalent method. Additionally, ultra-sonication employs 

ultrasound energy to agitate nanomaterial particles, achieved using an ultrasonic probe [104][105].  

Among the several nanomaterials, GO recognized for its single-layered atom-thick flatbed 

structure decorated with oxygen-based functional groups, has introduced a new dimension to the 

nanotechnology realm. GO comprises a layered carbon structure with oxygen-containing 

functional groups (=O, -OH, -O-, -COOH) attached to both sides of the layer and the edges of the 

plane [106]. GO is hydrophilic, making it relatively easy to prepare water- or organic solvent-

based suspensions. Highly oxidized forms of GO act as electric insulators, with a bandgap of 

approximately 2.2 eV [107]. Prusty et al. [108] observed a notable improvement in both room 

temperature and sub-zero (-80 °C) flexural properties when GO was introduced into the epoxy 
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matrix. The enhanced properties were attributed to the effective bonding established between the 

epoxy matrix and GO. Wang et al. [109] explored the impact of incorporating chemically 

functionalized GO sheets of three different sizes (GO-1, GO-2, and GO-3) on the mechanical and 

thermal properties of GO/epoxy nanocomposites. The study demonstrated that the fracture 

toughness of GO/epoxy nanocomposites is influenced by the size and content of GO sheets. 

Notably, the addition of smaller-sized GO sheets (GO-3) outperformed the reinforcement with 

larger-sized GO sheets (GO-1 and GO-2) in the epoxy matrix. The incorporation of smaller GO 

sheets exhibited improved resistance to crack propagation, enhanced interfacial adhesion, and 

reduced stress concentration, as evidenced by fractographic examinations, resulting in increased 

toughness of GO/epoxy composites. Pathak and colleagues investigated the improved interfacial 

properties of a carbon fiber-reinforced epoxy nanocomposite incorporating graphene oxide [110]. 

The advantageous structure and characteristics of graphene derivatives are closely tied to factors 

such as size, shape, and functional moieties attached to the material's surface. Figure 1.6 

represents the tensile behavior GO incorporated polymeric composites reported in literature 

spotting the potential of GO for GFRPs in enhancing the mechanical behaviour.  



26 
 

 

Figure 1.6. a.) Young’s modulus changes with GNP content [111] b.) Tensile Strength vs wt. % 

of graphene in glass fiber and epoxy composites [112] c.) Tensile modulus and strain at peak 

stress plot as a function of GNPs concentration [113] d.) Elastic modulus and tensile strength of 

GO and epoxy nanocomposites [114]  

Table 1.3. Literature review on Glass fiber reinforced polymer-based composites utilizing GO as 

the potential nanofiller 

S.No. Materials used Key results References 

1.  Matrix: Epoxy 

Nano-reinforcement: 
Graphene oxide 

Fiber-reinforcement: 
Carbon fiber (T-300) 

Examined the impact of GO inclusion on the 
thermal properties of CFRP hybrid composite. 
Various techniques including DMA, DSC, 
TGA, and TMA revealed that in GO-epoxy 
resin composites, both storage and loss 
moduli peaked at 0.3 wt% of GO. 
The glass transition temperature (Tg) 
determined from DMA and TMA analyses of 

[110] 
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GO-incorporated CFRP hybrid composites 
showed an increase in Tg by 4°C and 12°C, 
respectively, compared to CFRP composites 
without GO at the same loading level. 
This enhancement at the specified GO loading 
is attributed to the constraining effect of GO 
sheets on the mobility of polymer chains 
within the composite. 

2.  Matrix: Epoxy 

Nano-reinforcement: 
Graphene 

Fiber-reinforcement: 
Multi-walled Carbon 
Nanotube (MWNT) 
coated E-glass fiber  

Explored the flexural properties of multiscale 
nanocomposites comprising glass fabric 
coated with multi-walled carbon nanotubes in 
an epoxy/graphene matrix. 
Noted that adding 0.1 wt.% of graphene to an 
epoxy matrix resulted in the highest increase 
in flexural properties compared to the pure 
epoxy. 
Furthermore, glass fabric was treated with 
polyvinylpyrrolidone (PVP) modified 
MWCNT, leading to enhanced flexural 
strength in its multiscale nanocomposites. 
Dynamic mechanical analysis (DMA) showed 
the mobility of epoxy chains in contact with 
PVP-coated MWCNT. 

[115] 

3.  Matrix: Epoxy 

Nano-reinforcement: 
Graphene oxide 

Fiber-reinforcement: 
T-300 Carbon fiber  

Investigated the improved mechanical 
properties of carbon fiber/graphene oxide-
epoxy hybrid composites. 
FTIR, XPS, NMR, XRD, and Raman 
spectroscopy confirmed the possession of 
different functional groups in synthesized GO 
responsible for interacting with epoxy resin 
and carbon fibers. 
The hybrid composite exhibits a 66% increase 
in flexural strength and a 72% increase in 
flexural modulus, along with a 25% increase 
in interlaminar shear strength when 
incorporating 0.3 weight% of graphene oxide 
into the carbon fiber reinforced polymer 
hybrid composites.  
This enhancement in composite properties at 
the percolation threshold of graphene oxide is 
attributed to hydrogen bonding and 
mechanical interlocking between GO, carbon 
fibers, and epoxy resin. 

[116] 

4.  Matrix: Epoxy 

Nano-reinforcement: 
Functionalized GO 

Fiber-reinforcement: 
Carbon fiber 

Developed and analyzed nanocomposites 
comprising functionalized GO, carbon fiber, 
and epoxy. 
SEM analysis illustrated that the enhanced 
mechanical performance of the epoxy was 
attributed to the mechanism of carbon fibers 
being pulled out from the epoxy matrix. 

[117] 
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The findings demonstrate that diamine-
functionalized GO can improve the interfacial 
bonding between the carbon fibers and the 
epoxy adhesive. 
Addition of functionalized graphene oxide 
(FGO) effectively enhances both tensile and 
flexural strengths, with the degree of 
enhancement depending on the type and 
percentage of GO functionalization. 
Furthermore, the inclusion of FGO in epoxy 
resin also increases both tensile and flexural 
moduli owing to the impressive elastic 
modulus of FGO. 

5.  Matrix: Epoxy  

Reinforcement: 
Graphene oxide 

Examined the production of GO/epoxy 
nanocomposites with the goal of improving 
mechanical properties. 
Incorporating 0.1 wt.% of GO led to a roughly 
50% boost in fracture toughness compared to 
neat epoxy. 
Furthermore, at a 0.5 wt% GO loading, the 
elastic modulus demonstrated an 
approximately 35% enhancement over neat 
epoxy. 
These improvements can be attributed to the 
outstanding properties of GO, such as its high 
specific surface area, enhanced 
interaction/adhesion due to oxygen functional 
groups, and its wrinkled, rough surface, along 
with its two-dimensional planar geometry. 

[114] 

6.  Matrix: Polyvinyl 
chloride (PVC) 

Reinforcement: 
Graphene oxide  

Investigated the homogeneous dispersion of 
PVC with GO, and it was achieved by 
ultrasonic treatment. 
SEM analysis reveals that the majority of GO 
has been uniformly dispersed throughout the 
polymer matrix. 
FTIR spectra of PVC/GO composite films 
display C-H stretching vibrations of PVC. 
Also, the peak of the OH-stretching vibration 
in GO broadens at higher loading of GO (1.5 
wt%) in composite material. 
Optical microscopic images revealed that 
even at very low concentrations (0.5 wt%), 
GO had been dispersed homogeneously 
throughout the PVC matrix (higher 
concentration, agglomeration). 
AFM images reveal that GO as the filler has a 
significant influence on the surface 
morphology of composite films. 
FTIR spectroscopy revealed structural 
changes with respect to different wt% of GO 

[118] 
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loading. 

7.  Matrix: Epoxy 

Reinforcement: 
Graphene oxide 

Investigated graphene-epoxy system by 
amino-functionalization of graphene oxide 
(fGO). 
SEM images of the epoxy fGO composite's 
fractured surface drastically increase upon 
adding the fGO sheet to the matrix compared 
to the neat resin (due to fine dispersion of 
graphene sheets throughout matrix). 
AFM studies revealed the fracture surface of 
neat resin appears to be very smooth. 
Flexural modulus of epoxy increased 
monotonically by adding fGO and increased 
from 2800±25MPa (neat resin) to 
3670±60MPa for composites containing 0.4 
vol% fGO. 

[119] 

8.  Matrix: Epoxy 

Reinforcement: 
Graphene oxide 

Significant enhancements in thermal 
conductivity (approximately 36%), tensile 
strength, and storage modulus (exceeding 
13%) were observed upon incorporating 2 
wt% of rGO. 

[120] 

9.  Matrix: Epoxy 

Reinforcement: 
Graphene nanosheets 

Mechanical testing results indicated a peak in 
tensile and flexural strength for samples 
containing 0.1 wt.% graphene. 
Tensile strength experienced a 13% 
improvement, while flexural strength 
increased by 3.3%. 
Microscopic observations revealed that the 
primary toughening mechanism in graphene-
epoxy nanocomposites was the deflection of 
crack paths. 

[121] 

10.  Matrix: PMMA 

Reinforcement: 
Graphene and CNTs 
separately 

Results show an 18% increment in Young's 
modulus, 8.7% higher in tensile strength, and 
5% higher in surface crack energy obtained 
for the composites by incorporation of 
graphene sheet than those by incorporation of 
CNT. 

[122] 

11.  Matrix: Epoxy 

Nano-reinforcement: 
Graphene 
nanoplatelets 

Fiber-reinforcement: 
E-glass fiber 

The composite's flexural strength saw a 20% 
increase until 5% wt. GNPs and ultimate 
tensile strength (UTS) by 7%. 
 

[123] 

12.  Matrix: Epoxy 

Nano-reinforcement: 
Graphene 

The maximum UTS increase can be observed 
for the maximum sonication time and GNPs 
content tested, i.e. 60 min. sonication and 5% 
wt. GNPs. 

[124] 
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nanoplatelets 

Fiber-reinforcement: 
E-glass fiber 

13.  Matrix: Epoxy 

Nano-reinforcement: 
Graphene oxide 

 

Incorporating 1.5 vol.% GO into the epoxy 
matrix led to enhancements in the tensile 
strength, hardness, and Young’s modulus of 
the composite compared to the pure epoxy 
matrix. 
SEM shows that adding more GO roughens 
the fracture surface. The cracks become more 
randomly dispersed, indicating that the GO 
network acts as an obstacle to crack 
propagation. 

[125] 

14.  Matrix: Epoxy 

Nano-reinforcement: 
Graphene aerogels 

 

A remarkable 64% enhancement in 
composite’s fracture toughness in comparison 
to neat epoxy was achieved at 1.4 wt.% 
graphene content.  

[126] 

15.  Matrix: Epoxy 

Nano-reinforcement: 
Expanded graphene 
nanoplatelets 
(EGNP) 

The fracture toughness elevated by 66% over 
epoxy with 0.1 wt.% EGNP whereas the 
flexural modulus exhibited a steady rise with 
the addition of EGNPs from 0.1 to 2.0 wt.% 
Nanoindentation studies the hardness and 
modulus of the nanocomposites exhibiting a 
steady increase with the addition of EGNPs 
up to 1.5 wt.%. 

[127] 

16.  Matrix: Epoxy 

Nano-reinforcement: 
Graphene oxide 

Mechanically gripped interface at -80°C 
promotes effective stress transfer resulting in 
a superior flexural strength of nanocomposite, 
which is 82% higher than neat epoxy. 
 

[108] 

17.  Matrix: Epoxy 

Nano-reinforcement: 
Graphene 

Fiber-reinforcement: 
E-glass fiber 

The Laminate of 2.5 wt.% of graphene was 
found to exhibit superior properties in 
contrast to the other laminates of different 
weight percentages. 
 

[112] 

18.  Matrix: Epoxy 

Nano-reinforcement: 
GNPs 

Fiber-reinforcement: 
E-glass fiber 

The impact resistance increased by 45%, and 
tensile strength improved by 114% compared 
to the pristine composite. 
 

[113] 
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Table 1.3 denotes the remarkable potential of graphene derivatives in E-glass fiber-based epoxy 

composites for improved mechanical properties. These graphene-reinforced GFRP composites can 

effectively be utilized in the manufacture of aircraft bodies, ballistic missiles, sporting equipment, 

marine applications, and extraterrestrial ventures.  

1.5. Other nanofillers- Multiwall Carbon nanotubes (MWCNT) and Halloysite nanotubes 

(HNTs) as reinforcing nanofillers in EGFPs for enhanced mechanical behavior 

Numerous researchers have focused on carbon nanotubes (CNTs) because of their larger aspect 

ratio and distinctive properties, including high strength, stiffness, thermal conductivity, and 

electrical conductivity. CNTs, one-dimensional cylindrical structures with more than one graphitic 

layer and an inner diameter of approximately 4 nm, are available as SWCNTs (single-walled 

carbon nanotubes) and MWCNTs (multi-walled carbon nanotubes). These sp2 hybridized 

materials, characterized by their curved rather than straight structure, possess high aspect ratios, 

contributing to superior mechanical and electrical properties [128]. MWCNTs consist of 

concentrically nested SWCNTs and demonstrate increased stiffness in compression compared to 

SWCNTs. Li et al. [129] studied the mechanical properties of epoxy composites reinforced with 

SWCNTs at varying content (0 wt% to 5 wt%). The results showed a 75% increase in elastic 

modulus and a 30% increase in hardness with 5 wt% SWCNTs. However, higher nanofiller 

contents (3 and 5 wt%) caused SWCNT agglomeration, leading to break-offs, pull-outs, and 

surface protrusions in the SWCNTs/epoxy composites. Martone et al. [130] examined the 

mechanical reinforcement efficiency, represented by the composite modulus, of MWCNTs in an 

epoxy matrix. The MWCNTs demonstrated the highest reinforcement efficiency of 1.780 TPa at 

an extremely low loading of 0.05 wt% (referred to as the percolation threshold limit). Beyond this 

limit, the reinforcement efficiency decreased significantly due to a reduction in the effective 

aspect ratio and the formation of micron-sized clusters of CNTs. Similarly, Singh et al. [131] 

explored the tensile and compressive properties of MWCNTs/epoxy composites. 
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Similarly, HNTs are unique one-dimensional natural nanomaterials characterized by 

predominantly hollow tubular nanostructures and high aspect ratios. With notable attributes such 

as high mechanical strength, thermal stability, biocompatibility, and abundance, HNTs hold great 

promise for various applications in polymer nanocomposites and even as a replacement for costly 

nanofillers like MWCNT. HNTs exhibit a high aspect ratio, typically around 10–50. This 

characteristic aids in reinforcing polymers within composites by facilitating optimal load transfer 

from the matrix to the nanotubes. Additionally, the elastic modulus of HNTs is 140 GPa, 

compared to the theoretical range of 230–340 GPa. In a 5 wt.% aqueous solution, the mean 

particle size of HNTs is 143 nm, with sizes ranging from 50 to 400 nm [132]. Structurally, 

Halloysite (Al2Si2O5(OH)4.2H20) is chemically related to kaolin. HNTs contain two types of 

hydroxyl groups, inner and outer hydroxyl groups, which are situated between layers and on the 

surface of the nanotubes, respectively. The surface of HNTs is mainly composed of O Si O groups 

and the siloxane surface. These functionalities account for better bonding with the polymer matrix 

and ultimately owing to better dispersion than other nanoclays like MMT, kaolinite and even 

MWCNT. As per the findings of Tang et al. [133], HNTs were identified as effective additives for 

enhancing the fracture toughness of cured epoxies without compromising other crucial physical 

properties. Ye et al. [134] conducted a study on HNT as a reinforcing nanofiller to enhance the 

impact strength of the epoxy matrix. In all specimens, the load increased linearly with 

displacement until reaching the maximum load, initiating crack formation. Subsequently, there 

was a gradual decrease in crack propagation. In a study by M. Rajaei et al. [135], the impact of 

two nanoclays, HNT and layered double hydroxide (LDH), on the fire and mechanical properties 

of an epoxy composite with ammonium polyphosphate was compared. The findings indicated that 

HNT remarkably decreased the heat release of the epoxy resin by 87%. Additionally, HNT 

demonstrated superior tensile properties and proved to be a more cost-effective choice compared 

to LDH. Ramamoorthi et al. [136] incorporated HNT into epoxy glass fiber composites and 
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investigated the impact of varying HNT concentrations (1-10 wt%) on mechanical performance. 

The tensile strength and modulus exhibited a rapid increase up to 4 wt% HNT, reaching 33.71% 

and 31.01% higher than the neat epoxy/glass fiber composite, but decreased thereafter up to 10 

wt%. Lapcik et al. [137] investigated the ductility and plasticity of HNTs/epoxy composites and 

graphene/epoxy composites separately. The graphene-based nanocomposite samples exhibited 

enhanced ductility, with an increase in elongation at break from 0.33 mm (neat matrix) to 0.46 mm 

(1 wt% graphene), representing a 39% increase. Existing literature suggests the potential 

improvement in mechanical properties with the addition of HNTs as nanofillers in GFRP 

composites. Also, Prasanthi et al. [138] identified carbon fiber-reinforced epoxy composites by 

incorporating carbon-based nano-reinforcements, including CNTs and GNPs, into the epoxy 

matrix. They compared the tensile modulus, tensile strength, flexural modulus, and flexural 

strength of the prepared composites. Carbon/carbon GNPs exhibited a 95.93% enhancement in 

tensile strength, and a 23.83% improvement was observed in carbon fiber/CNTs mixed epoxy 

compared to pure carbon/epoxy composites. Figure 1.7 shows the obtained mechanical properties 

along with the % improvement by utilizing CNTs and GNPs in carbon/epoxy composites.  
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Figure 1.7. a, b.) Tensile strength and tensile modulus c, d.) Flexural strength and flexural 

modulus of carbon fiber reinforced CNT or Graphene-based polymer composites [134] 

E-Glass fiber-reinforced nanocomposites (EGFPs) are widely employed for their cost-

effectiveness and lightweight properties. They exhibit unique characteristics, including an 

excellent strength-to-weight ratio, high tensile and flexural properties (strength and modulus), 

robust interfacial shear strength, and resistance to chemical and environmental degradation. These 

materials find extensive applications in industries such as aviation, automotive, marine, and the 

military [139]. Their use contributes to reduced overall weight, enhanced fuel efficiency, and 

decreased emissions [140][141][142]. The major applications of EGFPs are shown in figure 1.8.  
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Figure 1.8. Applications of fiber-reinforced polymer composites in different sectors 

Conclusion 

In light of the above literature review, the proposal was made to enhance the mechanical 

properties of epoxy-based EGFP nanocomposites by introducing different carbon-based 

nanofillers such as graphene oxide, multilayer graphene, MWCNT, and other nanofillers like 

HNTs and even their hybrid reinforcements. However, the key to improving the properties of 

multi-constituent reinforced epoxy nanocomposites is ensuring proper dispersion and good 

compatibility among the various constituents of the composite system. Also, synthesis of GO 

through abundantly available cost-effective precursors, like Coal through a recently developed 

one-pot method has been explored and comparative of each study with conventionally prepared 

GO through a modified Hummers’ method from graphite has been done. The reproducible 

fabrication of epoxy-based GFRPs featuring a multi-hybrid nanofiller system proved challenging 

due to the resulting high viscosity of the system. However, despite these challenges, the present 
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research successfully processed EGFPs with markedly elevated mechanical properties. The 

established processing procedure in this study is anticipated to pave the way for innovative 

avenues in further research aimed at enhancing the mechanical properties of epoxy-based EGFP 

nanocomposites. 

 In the next chapter, the feasibility of using a facile one-pot process with HNO3 has been carried 

out to synthesize graphene oxide (GO) from bituminous coal (BC) as well as anthracite coal 

procured from coalfields in India. The synthesized graphene oxide from different precursors has 

been characterized using various techniques including SEM-EDX, FTIR, XRD, XPS, BET-BJH, 

LRS, TEM, SAED, AFM, and DLS. Also, the potential application of coal-derived GO has been 

shown by studying the mechanical properties of glass fiber-reinforced polymer nanocomposites 

with AC-GO as a nanofiller. 
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2. Research Gaps 

Fiber-reinforced polymer graphene oxide nanocomposites stand out as a superior choice compared 

to traditional materials due to their enhanced mechanical properties. Despite numerous reviews 

addressing the concept of glass/epoxy/graphene oxide materials, certain aspects and practical 

applications have been relatively neglected. The following enumerates the gaps identified in the 

existing literature: 
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1. In any attempt to convert coal into graphene, it is essential to maintain the integrity of graphitic 

domains while directing attention to the transformation of aliphatic hydrocarbons present in coal. 

Mahajan and Lee have devised a cost-effective approach for graphene production using 

semianthracite coal, specifically preserving these graphitic domains. According to the authors, 

their innovative process, employing coal as the precursor, boasts a cost that is an order of 

magnitude lower compared to the modified Hummers' method, which relies on graphite as the 

precursor. The reduced expenses are attributed to the relatively lower consumption of chemicals, 

utilizing only 16 M HNO3. The method also eliminates the production of harmful gases produced 

during modified Hummers’ method as it involves a very simplified route of utilizing a single 

oxidizing agent. This research has been focused on a single variety of semianthracite coal 

(Northeast Pennsylvania, USA) and has not been explored for other ranks of coal which gives the 

benefit of doubt whether the same recipe would be applicable to other ranks of coal or needs 

modification.  

2. While some researchers have investigated the mechanical properties, including impact strength, 

flexural strength, and tensile strength, of epoxy/graphene oxide or glass/epoxy composites, there is 

a notable lack of research focusing on the impact of graphene oxide (GO) on the mechanical 

properties of glass fiber reinforced epoxy materials. 

3. There is a lack of substantial research that fully explores the potential of coal-derived graphene 

oxide as a nanofiller in GFRP composites. 

3. Objectives 

Focusing on gaps in the literature, the following objectives have been framed for the synthesis and 

characterization of graphene oxide and the preparation of fiber-reinforced polymer nanocomposite 

with improved mechanical properties. The objectives to be fulfilled are: 
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1. Synthesis and characterization of graphene oxide (GO) from Indian anthracite and bituminous 

coals. 

2. Effect of precursors & processing parameters on synthesis of GO.  

3. Preparation of fiber-reinforced epoxy GO nanocomposite sheets and analysis of their 

mechanical properties. 
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Chapter 2. One-Pot Synthesis of Graphene Oxide from Different Coals 
and its Application in Enhancing the Mechanical Performance of 
GFRP Nanocomposites 

 

 

Highlights 

 One-pot process using HNO3 to extract GO from bituminous coal has been used. 

 5M HNO3 concentration was sufficient for oxidation of the bituminous coal. 

 Raw coal was purified using HF/HCl to avoid interference of mineral matter.  

 TEM results showed the sheet-like morphology of BC-GO, typical of GO. 
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2.1. Introduction 

Graphene, a crystalline carbon allotrope possesses high Young's modulus, exceptional thermal 

properties, and efficient electron mobility [1],[2]. Top-down techniques involving intensive 

chemical and mechanical exfoliation followed by reduction are commonly used for commercial-

scale production of graphene oxide (GO) from graphite [3]. The widely used Hummers’ method, 

originally utilizing NaNO3 and KMnO4 dissolved in H2SO4, has been extensively modified for the 

production of GO [4],[5]. Shahriary et al. [6] successfully synthesized ultrathin and homogeneous 

GO films obtaining the d-spacing of 0.77 nm using a modified Hummers’ method. Choucair et al. 

[7] utilized a solvothermal process involving sonication of a solvent-interacting precursor for 

graphene sheet separation. The presence of defects adversely affected the quality of graphene. 

Tour et al. [8],[9] proposed an improved method by using a reaction mixture of H2SO4/H3PO4 in a 

ratio of 9:1 (by volume), along with increased amounts of KMnO4, while eliminating NaNO3 from 

Hummers’ approach. This resulted in higher reaction yields and reduced release of toxic gases 

[10],[11]. However, this method requires larger quantities of KMnO4 and H2SO4 compared to the 

modified Hummers’ method, making it expensive and limiting its commercial potential.  

Graphite has an oriented lattice structure with interconnected graphene sheets held by van der 

Waals forces [12], while coal has unorganized, or bent graphene layers, composed of 

heterogeneous aromatic units and short ether and aliphatic bonds [13],[14]. Natural graphite is 

limited and geographically localized. Additionally, synthesizing graphite is costly due to the use of 

petroleum by-products as precursors and the extremely high temperatures required, reaching up to 

3000℃ [15],[16],[17]. The size of sp2-carbon crystals in coal varies with different fixed carbon 

contents depending on the coal rank [18],[19]. The diversity in structural composition of coal 

allows for flexibility in developing processes to synthesize graphene and its derivatives 

[20],[21],[22]. 
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Pakhira et al. [23] reported their work on GO synthesis by leaching low-grade coal using HNO3. 

After thermal elimination of excessive acid, large GO sheets were produced. However, these 

sheets exhibited instability in an acidic medium and underwent a spherical morphology, displaying 

both close and open behavior. Purwandari et al. [24] used bituminous coal and isolated graphite by 

a combination of exfoliation and Hummers’ method. They observed higher d-spacing in GO than 

in coal-graphite, along with the presence of several functional groups. Savitskii et al. [25] 

investigated a similar approach involving chemical oxidation of different types of coal such as 

brown coal, anthracite, low-volatile bituminous and, bituminous coal. Their results showed 

anthracite coal to be an efficient precursor for colloidal dispersion of GO. The size distribution 

was in the range of 122–190 nm. The existence of oxygen functionalities at 3420 cm−1 (OH), 1053 

and 1226 cm−1 (C-O), and 1293 and 1720 cm−1 (C=O) was also reported. Using Hummers’ 

method, Hatakeyama et al. [26] prepared “Coal Oxide” from anthracite coal. The derived coal 

oxide contained carboxylic functionalities with minimal amount of oxygen-containing groups and 

amorphous framework. It showed similar properties to graphite-derived GO, such as raised proton 

conductivity and electrical insulation. Park et al. [27] optimized temperature, concentration, time 

allocated for reactions, and processing solvents in a mixed-acid oxidation processes with HNO3 

coupling to prevent graphitic carbon damage. Das et al. [28] used semi-bituminous coal from 

eastern Indian coal mines to synthesize graphene oxide (GO). XRD analysis showed a diffraction 

peak at 2θ= 12.5°, corresponding to the (001) crystalline plane with a d-spacing of approximately 

0.789 nm, confirming the formation of GO. Hashmi et al. [29] used sub-bituminous coal to 

synthesize graphene oxide (GO). XRD analysis showed a broad peak from 15° to 22°, indicating 

amorphous nature of GO. Table 2.1 summarizes the recent literature on synthesis of GO using 

both graphite and bituminous coal.  

Table 2.1. An overview of the literature search 
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Technique 
used 
(Year) 

Precursor Processing Product 
characteristics 

Advantages/Disadvantages 
of the process 

Ref.  

Solvothermal 
synthesis 
(2006) 

Graphitic 
materials 

Use of a 
solvent 
interacting 
with 
precursor; 
detachment of 
graphene 
sheets by 
sonication 

Highly 
crystalline and 
larger surface 
area of graphene 
sheets, XRD 
peak of graphene 
was observed at 
2Ө=26.5°, 
confirming well-
ordered graphitic 
structures.  

Advantage: Simple method 
of sonication 
Disadvantage: Poor quality 
of graphene  

[7] 

Tour method 
(2010) 

Graphite Use of large 
KMnO4 

quantity, 9:1 
mixture of 
H2SO4/H3PO4,  

Production of 
good oxidized 
graphene with 
hydrophilic 
nature and higher 
oxidation 
effectiveness. 

Advantage: Elimination of 
NaNO3 
Disadvantage: Costly 
because of excess use of 
KMnO4, limiting its 
commercialization 

[8] 

Wu et. al 
(2013) 

Coal 
(China) 

Synthesized 
in 
concentrated 
H2SO4 and 
was oxidized 
by NaNO2, 
further diluted 
by 1M HNO3 

XRD diffraction 
peak at 2Ө= 
21.5°, came from 
the inter-GO 
diffraction, 
showed a d-
spacing of 0.41 
nm, a little larger 
than that of the 
normal graphite, 
the presence of 
functional groups 
but smaller than 
those of GO 
from graphite. 

Advantage: Utilization of 
coal as an alternative to 
graphite, cost-effective 
Disadvantage: Use of 
mixed acids (H2SO4 
followed by HNO3). 

[30] 

Kumar et. al 
(2017) 

Bituminous 
coal 
(Sigma-
Aldrich) 

Synthesized 
in 
concentrated 
H2SO4 and 
was oxidized 
by NaNO2, 
further diluted 
by 1M HNO3 

XRD peak of 
graphene oxide, 
appeared at 2Ө= 
11.3° and had 
interlayer 
distance of 0.8 
nm, the laminar 
structure with 
higher the d-
spacing was 
observed in 
graphene oxide. 
Peak at 
2θ=25.01◦, the d 
spacing indicates 
that the distance 
of graphite layers 

Advantage: Utilization of 
coal as an alternative to 
graphite, cost-effective 
Disadvantage: Use of 
mixed acids (H2SO4 
followed by HNO3) & 
additional oxidant 

[31] 
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had efficiently 
increased during 
the thermal 
treatment.  

Exfoliation 
associated 
with altered 
Hummers’ 
method 
(2018) 

Bituminous 
coal 

Graphite 
isolated from 
coal using 
oxidative 
process 

Higher d-spacing 
in graphene 
oxide than coal 
graphite was 
observed which 
relates to the 
occurrence of 
carboxyl, epoxy, 
and other 
functional 
moieties in XRD 
spectra. 

 

Advantage: Utilization of 
coal, cost-effective 
Disadvantage: Unsuitable 
for large scale production 

[24] 

Modified 
Hummers’ 
method 
(2019) 

Graphite Graphite 
slurry mixed 
with NaNO3, 
H2SO4, 
KMnO4; 
involves the 
usage of harsh 
oxidants and 
the release of 
toxic gases 

SEM images 
reveals ultrathin 
morphology of 
graphene films, 
0.77 nm d-
spacing in the 
XRD spectra, 
and maximum 
absorption peak 
at ~237 nm 
attributable to π-
π* transition of 
the atomic C-C 
bonds. 

Advantage: High yield, use 
of different oxidants to fully 
exfoliated graphene 
Disadvantage: Unsuitable 
for large scale production 

[6] 

Lee and 
Mahajan 
One-pot 
synthesis 
(2021) 

Coal Successfully 
excludes 
aliphatic 
compounds 
while 
preserving 
graphene 
domains 
during 
oxidization 
and 
subsequent 
exfoliation; 
utilization of 
single acid, 
HNO3 

Coal-GO shows 
a considerable 
amount of 
COOH graphs 
compared to the 
other oxygen 
groups; 
influential in 
oxidative 
scissoring of coal 
edges with 
significantly less 
effect on coal 
swelling towards 
c-direction. 

Advantage: Utilization of a 
single oxidant (HNO3) 
during the whole process, 
coal as a precursor, high 
reaction yield, suitable for 
large scale production 
Disadvantage: Use of high 
concentration of HNO3. 

[32] 

Hashmi et. al 
(2022) 

Sub-
bituminous 
coal 
(Pakistan) 

Hummers’ 
method 

A broad shoulder 
was observed in 
GO analysis 
from 15o to 22o, 
indicating that 
the graphene 
oxide produced 

Advantage: Utilization of 
coal, cost-effective 
Disadvantage: Release of 
toxic gases, unsuitable for 
large scale production 

[29] 



57 
 

is amorphous. 
This shoulder 
after reduction 
shifted towards a 
higher degree, 
confirming that 
the material has 
exfoliated after 
reduction, and 
the rGO 
produced has 
smaller 
interplanar 
spacing than GO. 

Wang et al. 
(2022) 

Lignite 
(Puhe Coal 
Mine, 
Shenbei 
Mining 
Area, 
Liaoning 
Province, 
China) 

Hummers’ 
method 

The calculated 
interlayer 
distance from the 
(002) peak of 
GO is 8.27 Å (2θ 
= 10.7◦), which 
is larger than the 
value for 
synthetic 
graphite (3.38 
Å); raw coal 
shows the 2θ 
around 24◦. 

Advantage: Utilization of 
coal, cost-effective 
Disadvantage: Release of 
toxic gases, unsuitable for 
large scale production 

[33] 

Purwandari 
et. al (2023) 

Sub-
bituminous 
coal 
(Selensen 
Village -
Riau, 
Indonesia) 

Hydrothermal 
process and 
exfoliation 

XRD patterns in 
coal indicate the 
spectral peak at 
21.40°broad and 
low intensity, the 
peak of 12.22° 
indicates the 
presence of 
carbonyl groups 
with the distance 
between layers 
(d) 7.336 Å.  

XRD data 
confirmed the 
presence of 
graphene 
nanosheets 
(2theta peaks 
24.86° and 
43.96°), the 
distance between 
layers (d) 
2.583 Å (right 
shift indicating 
reduction) 

Advantage: Utilization of 
coal, cost-effective 
Disadvantage: Release of 
toxic gases, unsuitable for 
large scale production 

[34] 
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In any endeavour to convert coal into graphene, it is crucial to preserve the graphitic domains 

while focusing on the transformation of aliphatic hydrocarbons in coal. Mahajan and Lee 

developed a cost-effective method of producing graphene from semi-anthracite coal by preserving 

these graphitic domains [35]. The authors assert that their new process, which utilizes coal as the 

precursor, has an order of magnitude lower cost compared to the modified Hummers’ method that 

employs graphite as the precursor. The cost savings are attributed to relatively lower usage of 

chemicals (only 16M HNO3) [32].  

Given the inherent structural variations among coals of different ranks, we hypothesized that the 

application of the one-pot process developed for semi-anthracite coal to bituminous coal may 

require a weaker oxidizing agent. We also anticipated potential differences in process parameters 

and in the properties of the synthesized graphene oxide (GO). Before testing this hypothesis, our 

initial objective was to evaluate the applicability of the original one-pot process for the semi-

anthracite coal from a different mine and identify any necessary modifications. 

The current study was designed to test our hypothesis by synthesizing semi-anthracite and 

bituminous coal-derived graphene oxides (GOs) using Mahajan & Lee's one-pot process, as 

detailed in Section 2 (experimental). Comprehensive characterizations of the synthesized GOs 

were conducted using SEM-EDX, LRS, TEM-SAED, DLS, BET-BJH, XRD, XPS, and FTIR 

techniques. Section 3 presents the results and discussion, and Section 4 elucidates the proposed 

mechanism followed by conclusion. In Section 5, we demonstrate the potential application of coal-

GO as a nanofiller in enhancing the mechanical performance of glass fiber reinforced polymer 

(GFRP) composites. This exemplar application holds particular relevance in industries such as 

automotive, aerospace, marine, and sports, where the use of mechanically robust and lightweight 

structural materials is highly desired. The paper concludes with a few remarks highlighting the 

major findings of the paper.  
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2.2. Experimental Section 

2.2.1. Materials  

Raw chunks of anthracite coal were sourced from the coalfields in Kashmir (supplied by 

SVISPAT Pvt Ltd, Pune, Maharashtra, India), while bituminous coal was procured from the north-

eastern region of India (supplier, RK & Sons, Patiala, Punjab). Hydrochloric acid, hydrofluoric 

acid, nitric acid, ethanol, potassium permanganate, and hydrogen peroxide were acquired from 

Merk. All the reagents were of analytical grade and were used without purification except raw 

coal chunks, which were purified before oxidation. The epoxy resin (Araldite CY 230-1) and the 

hardener (Aradur HY 951) were procured from Huntsman Advanced Materials, India (used in a 

10:1 ratio as recommended by the supplier). E-glass fiber mats were obtained from Revex 

Plasticizers Pvt. Ltd., India. Double-distilled water was used for preparing reagents and washing 

procedures throughout the experiments.  

2.2.2 Synthesis of bituminous-derived Coal-GO (BC-GO) and semi-anthracite Coal-GO 

(AC-GO) 

2.2.2.1 Processing and purification of raw coal powders 

Nut-sized raw coal chunks of both bituminous and semi-anthracite coals, as-received, were 

powdered using a mortar pestle and then sieved using a 150µ mesh. Further, the sieved coal 

powder was processed utilizing a wet ball milling process to obtain a particle size below 10µ. The 

slurry of the ball-milled coal solution was filtered using cellulose filter paper. For purification, this 

coal powder was dissolved in a mixture of 5% HCl and 10% HF with 500 ml of distilled water 

followed by 36 hours of magnetic stirring. The mixture was allowed to rest for 12 hours after 

which black precipitates were visible near the bottom of beaker. The top layer of the solution was 

discarded without losing the precipitates. The solution was then neutralized by adding distilled 

water, following which the purified coal slurry was filtered via cellulose filter paper. All the steps 
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involving purification and the use of HF acid were carried out in a polypropylene bottle as HF is 

highly reactive to glass. 

2.2.2.2 Oxidation, Exfoliation, and Centrifugation of Purified Bituminous Coal (PBC) and 

Purified Semi-Anthracite Coal (PAC) 

Following the protocol in [32], three grams of purified bituminous coal were oxidized/swelled 

using different concentrations of HNO3 (16 M, 10 M and 5 M) at 1200C to determine the optimum 

concentration to test our hypothesis that a lower concentration of HNO3 may suffice. For each 

concentration, five different values of the oxidation time— 72 hours, 48 hours, 24 hours, 5 hours, 

and 3 hours—were tried. The highly acidic GO solution was transferred to a one litre container 

filled with distilled water. After allowing the solution to settle for 12 hours, the top layer solution 

containing pale brown particles was discarded, while retaining the brown precipitates at the 

bottom. The solution was again diluted with distilled water, resulting in a gradient of brown 

coloration. The resulting brown solution (no longer extremely acidic) was filtered using a nylon 

membrane filter with a pore size less than 0.2 µ. The filtered solution was dried, resulting in 0.5 g 

oxidized powder material, which was transferred to 150 ml of distilled water. To exfoliate the 

oxidized coal to GO, the solution was subjected to ultrasonication. To further enhance the GO 

quality, an additional round of centrifugation was done at 5,000 rpm for 1 hour. The pellet 

obtained at the bottom of centrifuge tube was discarded as it probably contained highly stacked 

graphitic carbons or unreacted coal whereas the supernatant (the brown solution) was retrieved 

and stored in a bottle. For characterization purposes, for which the dry powder is required, this 

solution was freeze-dried after pre-treatment at -800C. 

For synthesis of AC-GO, the original one-pot process advocated in [32] was used for synthesizing 

GO. It essentially follows the same procedure outlined above except that only one concentration of 

HNO3 16M, at 1200C for 5 hours was used for oxidation, as in the original process in [32]. Figure 
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2.1 shows the schematic diagram/camera visuals for the one-pot process used in the synthesis of 

GO. 

 

Figure 2.1. Schematic diagram/camera visuals of the one-pot method applied for GO synthesis 

from coal 

2.2.3. Synthesis of GO using modified Hummers’ method 

For benchmarking the AC-GO and BC-GO synthesized using the one-pot or modified one pot 

process, graphene oxide (GO) was also synthesized using modified Hummers’ method using BC, 

AC, and graphite as precursors. To this end, the mixture of graphite powder/semi-anthracite coal 

and sodium nitrate (NaNO3) was added to 46 ml of conc. sulphuric acid (H2SO4). The resulting 

solution was kept in an ice-bath to maintain the temperature below 20°C and stirred for 4 h. Later, 

approximately 6 g of potassium permanganate (KMnO4) was introduced to the solution and 

vigorously stirred for another hour. Thereafter, 220 ml distilled water was added dropwise, 

accompanied by continuous stirring, and dropwise addition of 30% of 10 ml hydrogen peroxide 
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(H2O2). Lastly, the solution was washed using 5% hydrochloric acid (HCl) and distilled water. The 

product was dried in an oven overnight to procure dry powdered GO. 

2.2.4. Fabrication of GFRP composites using AC-GO 

Initially, AC-GO was dispersed in the epoxy resin at different concentrations ranging from 0.06 to 

0.75 phr. The mixture was homogenized at 20,000 rpm for 10 minutes and then subjected to probe 

sonication at 80% amplitude for 10 minutes in an ice bath to dissipate excess heat. Subsequently, 

the solution was mechanically stirred at 500 rpm for 10 minutes, and the hardener was added. The 

resulting mixture was infused into the VARIM (Vacuum Assisted Resin Infusion Mold). The 

VARIM table was cleansed with a cleansing agent and coated with a mold release agent to prevent 

sticking.  

For the tensile and flexural property tests, two-ply mats, conforming to ASTM standards, were 

utilized. To prepare specimens for impact testing, twelve layers of the mat were employed. A 

separator cloth was placed on top of the uppermost layer of glass-fiber mat, and a perforated sheet 

was positioned on the separator cloth to ensure even resin dispersion. A wire-mesh was used to 

establish a resin flow path, and an infusion pipe was secured over the wire-mesh using sealant 

tape. To facilitate resin flow, a breather cloth was placed over the wire-mesh, creating a bridge. 

Finally, the entire setup was covered with a lamination sheet and supported with sealant tape. A 

vacuum pump maintained a vacuum pressure of approximately 1 mbar. The vacuum pump 

assisted in the resin infusion process, ensuring proper impregnation of the fiber mat with resin. 

After infusion, the nanocomposite sheets were cured and subsequently post-cured for 6 hours at 23 

℃ and an additional 6 hours at 60 ℃. 

2.2.5. Characterization 

The BET surface area analyzer from Microtrac Belsorp Mini-II (Bel, Japan, Inc) was used for the 

surface area estimation of graphene oxide at the liquid nitrogen temperature of -196ºC. To remove 
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impurities, pre-treatment of the samples was done for 5-6 h at 100ºC. The Barrett–Joyner–Halenda 

(BJH) method was employed to determine the pore size distribution from N2 adsorption-

desorption isotherms. Energy-dispersive X-ray (EDX) and Scanning electron microscope (SEM) 

were used for studying the surface morphology and carbon-oxygen weight% of the as-prepared 

graphene oxide material and its precursors through a Carl Zeiss Sigma 500 FEG-SEM at an 

accelerating voltage of 5 kV. X-Ray Diffraction analysis (XRD) was carried out through a 

PANalytical X-ray diffractometer with Ni-filtered Cu Kα radiations (λ = 0.1504 nm) with a scan 

rate of 2o min-1 and range of 10–90º at 45 kV. X-ray photoelectron spectroscopy (XPS) analysis 

was done through PHI-5000 VersaProbe-III system with a monochromatic Al Kα X-ray source 

(1486.7 eV) to determine the elemental nature of the as-prepared Coal-GO and the precursor coal 

used. Particle size distribution and zeta potential measurements were done utilizing a dynamic 

light-scattering method (DLS, Zetasizer, Malvern) of graphene oxides and respective coals 

dispersed in deionized water. Fourier transform infrared (FTIR) spectra were recorded for oxygen-

associated functionalities by RZX (Perkin Elmer), and high-resolution transmission electron 

microscopy (TEM-SAED) was scrutinized via Hitachi (H-7500) for a clear understanding of the 

morphological features of GO. Laser Raman Spectroscopy (LRS) was carried out using HR800-

UV confocal micro-Raman spectrometer to identify the structural fingerprint and to analyze the 

synthesized materials for defects and impurities. 

2.3. Results and Discussion 

2.3.1 Proximate analysis of coals  

The structural and surface properties of the raw coal vary based on the geological atmosphere and 

coalification degree. Coal consists of graphitic domains and amorphous carbons leading to a very 

complex network possessing different structural properties and functionalities. The non-purified 
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coal contains several minerals which might interfere in graphitic regions or release several noxious 

side-products. Therefore, we purified the respective coals as detailed in the experimental section.  

Proximate analysis of the as received semi-anthracite and bituminous coals, before and after their 

cleaning, was done to evaluate moisture, ash content, volatile matter, and fixed C in coals. The 

results are shown in Table 2.2. 

Table 2.2. Proximate analysis of non-purified and purified bituminous and semi-anthracite coals 
  

Parameters Unit Non-purified 
bituminous 
coal (NPBC) 

Purified 
bituminous 
coal (PBC) 

Non-purified 
semi-
anthracite 
coal (NPAC) 

Purified 
anthracite 
coal (PAC) 

1 Moisture % 4.31 0.90 4.58 0.88 
2 Ash % 3.34 1.97 6.75 1.02 
3 Volatile 

matter 
% 27.46 27.09 8.74 8.41 

4 Fixed 
Carbon 

% 64.89 70.04 79.93 89.69 

 

The data shows that cleaning reduced the ash content from 3.34% to 1.97% for the bituminous 

coal, and from 6.75% to 1.02% for the semi-anthracite coal. It is noted that reducing the level of 

ash in the purified coal is desirable to minimize interference of the impurities on the subsequent 

GO synthesis process [36]. It is interesting that the same cleaning procedure used for both 

bituminous and semi-anthracite coal was more effective in reducing the ash content of the semi-

anthracite coal compared to the bituminous coal. 

2.3.2 Optimum Process Parameters for the Synthesis of BC-GO and AC-GO 

As mentioned in Section 2.2.2, we tried combinations of the concentration of HNO3 and oxidation 

time to determine the optimum parameters. Initially, for bituminous coal, we followed the 

recommended combination of 16 M HNO3 and 72 hours, as originally suggested in [35],[32] for 

semianthracite coal. Under these conditions, the bituminous coal we used got completely 

dissolved without any observed precipitates. We gradually decreased the oxidation time to 48 
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hours, 24 hours, 5 hours and finally 3 hours, but still did not observe any precipitates. Even when 

we switched to 10 M HNO3 concentration with oxidation times of 5 hours and then 3 hours, the 

bituminous coal dissolved entirely. However, further reducing down the concentration to 5 M with 

oxidation times of 5 hours and 3 hours, we finally observed oxidized coal precipitated at the 

bottom of the beaker. To confirm the composition of these precipitates, we subjected them to EDX 

analysis, yielding the following spectra. With 5 M concentration and 5 hours of oxidation time, the 

spectra indicated a composition of 70.34 wt% C and 29.66 wt% O, while with 3 hours of 

oxidation, the spectra indicated 84.12 wt% C and 15.88 wt% O. Another parameter we considered 

for optimizing the oxidation time with 5M HNO3 was the yield of the oxidized PBC. The yield for 

5 hour oxidation time was found to be 75%, much higher than the yield observed for 10 hours, 

which was only 11%. Based on these results, we concluded that for the bituminous coal sample 

used in this study, the optimum process parameters are concentration of 5 M HNO3 and oxidation 

time of 5 hours. 

To assess the suitability of the recipe developed for the synthesis of GO from purified semi-

anthracite, as outlined in [35],[32], we conducted tests to determine if any fine tuning of the 

process parameters was required when applied for our locally obtained semi-anthracite coal. 

Following the procedure outlined in 2.2.2, we tested 10 M and 5M concentration of HNO3 in 

addition to 16M in the original 16M concentration. We also tried two oxidation times: 5 hours and 

72 hours. After analyzing the EDX results, which showed reduced levels of oxygen content, we 

reverted to the original recipe of 16 M HNO3 and 72 hours as the optimal parameters for obtaining 

GO from semi-anthracite coal. 
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2.3.3 Structural characteristics of bituminous coal-derived GO (BC-GO) and semi-

anthracite coal derived GO (AC-GO) using one-pot method 

X-ray diffraction (XRD) analysis was done to provide detailed information on structural factors 

such as crystallite size, interlayer spacing (d), and stacking height in the BC-GO (graphene oxide 

synthesized from bituminous coal), and AC-GO (graphene oxide synthesized from semi-anthracite 

coal), using one-pot method [32], see Figure 2.2A. 

Referring to Figure 2.2A, the main peak observed in PBC corresponds to the crystalline carbon 

(002) reflection and occurs at 2θ = 24.60 for PBC, and at 2θ = 25.20 in PAC. Similarly, the peak at 

2θ = 42.80 in PBC and 2θ = 43.20 in PAC represents the plane reflection of graphite (100). The 

presence of these peaks suggests a larger interlayer spacing and the existence of loosely stacked 

graphene sheets in purified coals, indicating a turbostratic carbon structure. The d-spacing, 

calculated using nλ=2dsinθ, was calculated to be 0.361 nm for PBC and 0.353 nm for PAC. We 

note that the above-mentioned values of 2θ and d-spacing for PAC closely match those reported in 

[31], which are 2θ = 25.00, 2θ=42.50, and d-spacing=0.353 nm.  

Focusing back on the GO synthesized from PBC, the XRD data in Figure 2.2A reveals a shift in 

the value of 2θ, decreasing from 24.60 in PBC to 20.90 for the BC-GO. In addition, the d-spacing 

increased from 0.361 nm in the PBC to 0.424 nm in the BC-GO. This increase in d-spacing can be 

attributed to the swollen layers of graphene oxide, resulting from oxidation process using HNO3. 

These values are listed in Table 2.3 which also shows the crystallite height, Lc and the number of 

layers, Nc. The former was calculated using Scherrer's equation, a method commonly used to 

quantify the stacked layers in graphene derivative (Nc= (Lc/d-spacing)+1). It can be observed that 

both Lc and Nc decrease in BC-GO in comparison to those for PBC. Specifically, the Lc for GO is 

only 0.49 nm, and it contains very few stacked sheets. For AC-GO, our values of 2θ (002) = 23.9 
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and d-spacing = 0.372, listed in Table 2.3 compare favorably with those reported in [31], which 

are 2θ (002) = 23.60, and d-spacing = 0.374 nm.  

Table 2.3. Structural parameters of coals and their synthesized materials: PAC, PBC (purified 

coals) and AC-GO, BC-GO (synthesized GOs) 

Sample codes 2 Theta (degree) 

(002) 

d (002) (nm) Crystallite 
height, Lc 
(nm) 

No. of graphene 
stacked layers, 
(Nc) 

PAC 25.2 0.353 1.02 2.89 (2-3) 

AC-GO 23.9 0.372 0.75 2.02 (2) 

PBC 24.6 0.361 0.64 1.77 (1-2) 

BC-GO 20.9 0.424 0.49 1.16 (2) 

 

Furthermore, the d-spacing increases from 0.353 nm for PAC to 0.372 nm for AC-GO, while both 

Lc and Nc decrease for AC-GO. These trends are similar to those observed in the oxidation of PBC 

and BC-GO, as well as those reported for AC-GO in [31]. It is worth noting that the C(002) peak 

in AC-GO (16M) is more symmetrical and narrower as compared to BC-GO produced at low 

HNO3 concentration, indicating a highly ordered structure of AC-GO (16M). At this high 

concentration of HNO3, the aliphatic side-groups get removed at a faster rate, leaving behind 

mostly the aromatic groups [31].  
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Figure 2.2. A) XRD spectra, B) Raman spectra, C) FTIR spectra, D) BET nitrogen 

adsorption/desorption isotherms, E) BJH plots of precursors and synthesized GO from respective 

coals and graphite 

In addition to the XRD analysis, Raman analysis was also conducted for the GO samples. In most 

carbon-constituting materials, a typical Raman spectrum refers to prominent bands as the D and G 

bands at 1350 cm-1 and 1590 cm-1, respectively [37]. The D-band represents structural defects 

caused by k-point phonons in the breathing mode of A1g symmetry, while the G-band corresponds 
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to in-plane vibrations of E2g phonons associated with sp2 C-atoms [38]. The existence of band at 

2700 cm-1 refers to 2D-band corresponding to active lattice vibration. The 2D band has a 

pronounced higher intensity in single-layered graphene, whereas in multilayer graphene, the band 

broadens and reduces in intensity [39]. Furthermore, the band-intensity ratio (ID/IG) is commonly 

used to assess product quality [40]. In carbonaceous materials, higher ID/IG points to higher 

disorder. 

In our investigation, as shown in Figure 2.2B, the NPBC, PBC, and BC-GO samples display a 

weak and disordered D-band caused by the oxidation over the edges of the graphitic domains 

under milder HNO3 treatment. These characteristics of D-band might be due to the relatively low 

concentration of HNO3 used in the oxidation of NPBC to BC-GO. In contrast, synthesis of GO 

from PAC, which required higher concentration of HNO3 (16M), a more distinct D-band was 

observed, as also reported in [32]. Furthermore, we observed that the 2-D band which appears at 

approximately 2700 cm-1 is bumpier and more ill-defined as compared to AC-GO. This difference 

could again be attributed to the low concentration of HNO3 used in the synthesis of BC-GO. This 

finding is in alignment with the Raman spectra presented in [32] for AC-GO synthesized for 

different concentrations of HNO3, which exhibited progressively shallower and more irregular 

peak at approximately 2700 cm-1. A bumpy 2-D band suggests highly disordered and defective 

samples, leading to inaccuracy in quantifying the exact number of layers. We will further discuss 

this behavior in Section 3.3 when examining the TEM images of our samples, which will provide 

additional insight into the structural characteristics of these materials. 

 

 

 

 



70 
 

Table 2.4. Raman spectroscopy: Microstructural parameters  

Sample codes ID/IG La (nm) 

NPAC 1.44 30.2 

PAC 1.23 35.3 

AC-GO 1.16 37.5 

 
     
 From Table 2.4, the ID/IG ratio for AC-GO synthesized from the PAC decreased from 1.23 to 

1.16, indicating a decrease in defects relative to graphitic regions, alongside an increase in La 

resulting from HNO3 oxidative treatment. This result is different than that reported in [31], in 

which ID/IG increased from 1.78 to 1.83. Recalling that the structural and surface properties of the 

raw coal vary based on the geological atmosphere and coalification degree, this difference in the 

ID/IG ratio of AC-GO can be traced back to the coalfield from where the coal was sourced. In [32], 

the raw chunks of coal were obtained from the anthracite coal region in Northeast Pennsylvania, 

USA (US PAC), while the one we used in this study was from Kashmir, India where anthracite 

coal mines are predominant. Further, the ID/IG of Indian PAC was measured at 1.23. lower than of 

US PAC reported in [31] at 1.78. This indicates that Indian PAC has fewer defects compared to 

the former. However, in Indian AC-GO, the evolution of clustered graphitic regions far outweighs 

the defects originating from the oxygen-based functionalities in the one-pot process, even at 16 M 

HNO3 concentration, which is still insufficient to disrupt the graphitic clusters in PAC. Another 

potential reason for this discrepancy could be the introduction of oxygen functionalities on the 

edges of Coal-GO. In other words, the presence of carboxyl groups may have had a limited effect 

on the partial intercalation step (oxidation) in the basal plane of Coal-GO implying to the lower 

ID/IG ratio. The one-pot process is more favorable than others in scissoring of the coal to extract 

sp2 graphene domain made through the mild oxidation which introduces oxygen-based 

functionalities over the graphene-like edges, while simultaneously ostracizing the unwanted 

aliphatic complexes. This could justify the favourable graphene derivatives production from coal. 
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The pore volume and surface area of a material are important for assessing its applicability in 

different areas of catalysis, adsorption studies, etc. To calculate these quantities, Brunauer-

Emmett-Teller (BET) analysis is an excellent tool. It provides a quantitative information about the 

specific surface area of coals and synthesized carbonaceous materials, enabling the study of 

surface porosity and particle size effects. The Barnett-Joyner-Halinda (BJH) analysis is often used 

in conjunction with BET analysis to evaluate specific pore volume and its area using 

adsorption/desorption methods [41]. We utilized both techniques to generate Figures 2.2D and 

2.2E, which illustrate the BET nitrogen adsorption-desorption isotherms and BJH plots for the 

synthesized GO from different coals, respectively. In addition to valuable information about 

specific surface area, pore diameter, the BJH plots confirm the mesoporous nature of the 

synthesized samples as well as of the precursors. As depicted in Figure 2.2E, BC-GO shows a H1 

hysteresis loop which validates the mesoporous nature of BC-GO. Examining the data in Table 

2.5, we observe a decrease in the specific surface area of BC-GO in comparison to NPBC. One 

possible reason for this could be the more compact structure of GO, resulting from the formation 

of nicely stacked multilayers.  

Table 2.5. Surface area, pore size, and pore-volume of ball-milled coals and synthesized GO 

  NPAC NPBC AC-GO BC-GO MHM-
GO 

AC-GO 
(MHM) 

Specific 
surface 
area (m2/g) 

97.75 87.50 16.50 12.60 12.40 9.00 

Mean pore 
diameter 
(nm) 

4.67 20.40 15.82 16.90 20.50 14.70 

Total pore 
volume 
(cm3/g) 

0.11 0.44 0.06 0.05 0.06       0.04 
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The surface area of AC-GO decreased significantly relative to NPAC but was found to be almost 

comparable to BC-GO, as indicated in Table 2.5. The mean pore diameter of AC-GO was 

considerably larger than of NPAC (15.82 nm compared to 4.67 nm). This can be attributed to the 

presence of inorganic substances in coal such as kaolinite, siderite (FeCO3), feldspar (composed of 

SiO2, Al2O3, Fe2O3, K2O, Na2O) and some impurities such as CaO and MgO. These inorganic 

components have varying chemical reactivity, with some exhibiting low reaction abilities and 

others being chemically active. When reacted with HNO3, for example, solid Fe2O3 reacts with 

HNO3 to form soluble Fe(NO3)2. With the solubilization of these substances, other associated 

inorganic components, such as kaolinite and quartz lose support and adhesive force, and then 

separate from coal. This further explains the observed increase in pore volumes and pore sizes 

[42]. 

2.3.4 Topological and morphological properties of BC-GO and AC-GO using one-pot 

method 

The Dynamic Light Scattering (DLS) technique helps measure the size of particles by quantifying 

the random variations in the scattering of light intensity from a suspension. This approach is 

particularly suitable for submicron particles and can be utilized for measuring sizes of particles 

smaller than a nanometre. In our investigation, we applied this technique to determine the apparent 

size of graphitic materials prepared in distilled water. Tiny particles in the suspension undergo 

random movements, which are modelled by Stokes-Einstein equation as given below: 

Dh = kBT/3π η0Dt 

where Dh represents the hydrodynamic diameter, kB the Boltzmann constant, T the temperature 

(kelvin), η0 the solvent’s dynamic viscosity, and Dt is the translational diffusion coefficient. The 

calculations were handled by the instrument software, all the data was plotted with Gaussian fit. 

The average hydrodynamic diameter decreases sharply for AC-GO compared to PAC, reducing 
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from 681 nm to 171 nm as shown in Figure 2.3(A, B). For bituminous coal, on the other hand, the 

decrease in the average hydrodynamic diameter as PBC got converted to BC-GO was relatively 

small, declining from 627 nm in PBC to 296 nm in BC-GO, as depicted in Figure 2.3(C, D). The 

reduction in diameter may not only be attributed to the high sonication rate during the one-pot 

process but also to the improved interactions between the oxygen moieties on the GO surfaces and 

water molecules. Relatively sharper decrease in the hydrodynamic diameter of AC-GO is due to 

higher HNO3 concentration (16M) used in oxidation process compared to only 5M for PBC.  

 

Figure 2.3. Representation of (A-D) DLS studies; (E,F) SAED patterns of AC-GO and BC-GO  

To analyze the elemental composition of precursors (raw coals) and the synthesized product (BC-

GO), EDX analysis was performed. The results are presented in Table 2.6 and displayed in Figure 

2.4. In the raw bituminous and semi-anthracite coal, the EDX spectra reveal the presence of C, O, 

Si, S, Al, Cl, K, Ti, Fe.  
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Figure 2.4. EDX spectra for a.) NPAC, b.) NPBC, c.) AC-GO, d.) BC-GO   

However, in BC-GO and AC-GO, only C and O were observed as the major constituent element, 

as indicated by the atomic % and weight % in Table 2.6. The lower wt% of oxygen in BC-GO can 

be attributed to the lower concentration of HNO3 used in the synthesis process. In a study by Zhao 

et al. [43], they synthesized GO by Hummers’ method to immobilize rhodium on it for catalytic 

applications. The oxygen composition in their synthesized GO was determined to be 24.29%, 

which is lower than of the prepared BC-GO. This again suggests the favourable efficiency of 

HNO3 as an oxidant at a much lower concentration of HNO3 (5M with BC).  

Zhang et al. [44] synthesized GO via modified Hummers’ method utilizing KMnO4 as an oxidant. 

Their EDX spectra indicated oxygen composition in their GO to be 31.72 wt% oxygen 

composition, which is lower than that 40.97 wt% obtained in the AC-GO synthesized with HNO3 

as an oxidizing agent), and slightly higher than in the BC-GO (26.44 wt%). Table 2.7 and the 

spectra in the Figure 2.5 shows the wt% of C and O in AC-GO and BC-GO obtained at different 

time intervals. The caveat arising from our experimental studies on different coals for synthesizing 

graphene oxide (GO) is that while the one-pot process utilizing HNO3 (as a single acid) remains 



75 
 

consistent across all coal varieties, there may be variations in the oxidation time and the 

concentration of HNO3 required for each specific type of coal. 

Table 2.6. Elemental composition of precursors and synthesized GO 

 

Elements NPAC 
Weight 
% 

NPAC 
Atomic 
% 

AC-
GO 
Weight 
% 

AC-
GO 
Atomic 
% 

NPBC 
Weight 
% 

NPBC 
Atomic 
% 

BC-GO 
Weight 
% 

BC-GO 
Atomic 
% 

C  82.75 88.10 59.03 65.74 67.73 73.85 67.62 73.56 

O  12.34 9.86 40.97 34.26 31.14 25.64 32.38 26.44 

Al 1.26 0.60 - - 0.00 0.00 - - 

Si 2.28 1.04 - - 0.13 0.06 - - 

S  0.15 0.06 - - 0.10 0.04 - - 

Cl 0.15 0.05 - - 0.06 0.02 - - 

K  0.37 0.12 - - 0.48 0.16 - - 

Ca - - - - 0.37 0.12 - - 

Ti 0.07 0.02 - - 0.13 0.04 - - 

Fe  0.63 0.14 - - 0.26 0.06 - - 

Total 100.00  100.00  100.00  100.00  
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Figure 2.5. EDX spectra for i.) 5 M HNO3 subjected BC-GO with oxidation reaction time, 3 

hours, ii.) 5 M HNO3 subjected BC-GO with oxidation reaction time, 5 hours, iii.) 5 M HNO3 

subjected AC-GO with oxidation reaction time, 5 hours, iv.) 10 M HNO3 subjected BC-GO with 

oxidation reaction time, 5 hours 

Table 2.7. Elemental composition of AC-GO and BC-GO at different acid concentration and 
oxidation time 

Elemen
ts 

BC-GO 
(5M 
HNO3), 
3h 
oxidatio
n 

Weight 
% 

BC-GO 
(5M 
HNO3), 
3h 
oxidatio
n 

Atomic 
% 

BC-GO 
(5M 
HNO3), 
5h 
oxidatio
n 

Weight 
% 

BC-GO 
(5M 
HNO3), 
5h 
oxidatio
n 

Atomic 
% 

AC-GO 
(5M 
HNO3), 
5h 
oxidatio
n 

Weight 
% 

AC-GO 
(5M 
HNO3), 
5h 
oxidatio
n 

Atomic 
% 

AC-GO 
(10M 
HNO3), 
5h 
oxidatio
n 

Weight 
% 

AC-GO 
(10M 
HNO3), 
5h 
oxidatio
n 

Atomic 
% 

C  84.12 87.59 70.34 75.95 80.48 84.60 67.07 73.07 

O  15.88  12.41 29.66 24.05 19.52 15.40 32.93 26.93 

Total 100.00 
 

100.00  100.00  100.00  
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SEM analysis was conducted for raw coals before and after ball milling to examine their 

morphological changes. Figures 2.6 (a, b) and Figures (d, e) display the SEM images of 

bituminous coal before and after ball milling. The images clearly depict a significant reduction in 

particle size. Prior to ball milling, raw AC and BC appear as big chunks, but after ball milling, 

smaller chunks became dominant. Most of the particles were less than 10 microns, which were 

later subjected to purification. The SEM images for AC-GO and BC-GO, as shown in Figure 2.6c 

and 2.6f, revealed a flaky texture. The irregular shape and inconsistent particle size may be 

attributed to cracking of structure during oxidation step accompanied by high temperatures during 

the one-pot process.  

The TEM images in Figures 2.6g-6j reveal a multilayer structure for the prepared samples. The 

observed layered structure of AC-GO and BC-GO is consistent with previous studies. For 

instance, Aziz et al. [45] showed the morphology of synthesized GO via TEM micrographs. The 

images showed flat flaky texture with irregular and random particle size, which is consistent with 

the findings of our study. Similarly, Yang et al. [46] worked on reduced graphene oxide sheets 

synthesis adorned with gold nanoparticles. The TEM image of bare GO in their work also revealed 

few-layered GO with few microns dimension.  
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Figure 2.6. i) SEM images: a) Raw anthracite coal chunks, b) Ball milled anthracite coal, c) AC-

GO, d) Raw bituminous coal chunks, e) Ball milled bituminous coal, f) BC-GO; ii) TEM images: 

g, h) AC-GO (the yellow circles in 4g refer to graphene oxide quantum dots formed during the 

synthesis of AC-GO, i, j) BC-GO 
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Ciplak et al. [47] prepared Graphene/Ag nanocomposite for their study. Their GO FTIR spectra 

reveal a strong O-H stretching vibration at 3410 cm-1 because of extensive oxidation. This strong 

O-H vibration is observed in the AC-GO and BC-GO in our study as well. The other peaks in their 

study corresponds to C=O, O-H, C-O vibrations consistent with our results. Mostly, the results 

procured and analyzed in the current study are consistent with the previous studies.  

The Atomic Force Microscopy (AFM) analysis revealed that the height of BC-GO primarily 

ranged between 2.5 and 3.0 nm, with lateral dimensions smaller than 170 nm, as depicted in 

Figure 2.7. These findings, coupled with the previously mentioned TEM images, provide 

additional substantiation for the successful extraction of thin layered nanostructures of BC-GO 

through HNO3 treatment of bituminous coal. 

 

 

Figure 2.7. AFM image of BC-GO and corresponding height profile 
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2.3.5 Surface properties of BC-GO and AC-GO  

XPS was used for analyzing the internal bonding in the samples and elemental analysis of the 

samples [48]. For purified coals, BC-GO and AC-GO, the C1s spectra ranged from 280 eV to 294 

eV (Figure 2.8(a-d)), with a dominant peak at 284.8 eV corresponding to C=C, sp2 C groups or C-

H group and a region of extended tailing into the higher binding energy characterized by 285.8 eV 

± 0.2 eV (C-C, sp3 carbon bonded directly to oxygen in OH configurations), 286.5 eV ± 0.2 eV 

(C-O-C, epoxide), and 287.6 eV ± 0.2 eV (>C=O, carbonyl).  

The presence of phenolic functional groups in the graphitic samples was identified by the 

bifurcation of the singlet O1s peaks. The samples exhibit bands at 532.38 eV for PAC, 533.17 eV 

for PBC, 532.43 eV for BC-GO and around 532.63 eV for AC-GO. These peaks correspond to 

C = O (oxygen double bonded to aromatic carbon), C–O (oxygen single bonded to carbon), and C-

OH (carbon single bond to the hydroxyl group), respectively as depicted in Figure 2.8(e-h). In 

Figure 2.8(i-l), the N XPS spectrum displays a peak signifying amine R-NH2 in carbon samples 

and pyrrole-type N at 400 eV. 
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Figure 2.8. XPS analysis: a-d) C 1s spectra of PAC, PBC, AC-GO, BC-GO; e-h) O 1s spectra of 

PAC, PBC, AC-GO, BC-GO i-l) N 1s spectra of PAC, PBC, AC-GO, BC-GO 

For the PAC and PBC, the results are consistent with the EDX analysis, suggesting that the N 

content may have been inherited from the coalification process. However, the peak at 405 eV in 

both synthesized AC-GO and BC-GO can be attributed to graphitic N, which is a result of the one-

pot process employed in our synthesis. Figure 2.9 contains the survey spectrum for respective 

synthesized GO and their precursor moieties.  
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Figure 2.9. XPS survey spectrum for precursors, PAC and PBC and synthesized GO, AC-GO and 

BC-GO 

To investigate the diverse functionalities and molecular structure of our samples, we conducted 

FTIR analysis [49]. The FTIR spectrum was recorded in the range of 4000-500 cm-1, as depicted 

in Figure 2.2C. In purified Indian semi-anthracite coal and bituminous coal, a broad and noticeable 

absorption peak was observed at 3450 cm-1, indicating the presence of O-H functionalities in their 

stretching vibration mode. Additionally, peaks observed at 1638 cm-1 and 1633 cm-1 in PAC and 

PBC, respectively, correspond to strong C=C stretching vibrations. The purified coals exhibited 

significantly fewer functional groups. In the synthesized AC-GO and BC-GO, additional 

functional groups were observed. The peaks at 3490 cm-1 and 3468 cm-1 in AC-GO and BC-GO 

correspond to the O-H stretching mode [50]. This finding is in alignment with the GO FTIR 

spectra presented by Ciplak et al. [47] in their study on graphene/Ag nanocomposite, where they 
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observed a strong O-H stretching vibration at 3410 cm-1 due to extensive oxidation. The presence 

of other peaks in their study corresponding to C=O, O-H, C-O vibrations are also consistent with 

our results. The peaks at 2983 cm-1, 1913 cm-1, 1710 cm-1, and 1181 cm-1 correspond to C-H 

stretching vibration, C=C=C stretch, C=O stretching and C-N stretching vibrational mode, where 

C-N stretch refers to the presence of N in coal’s inherent structure, arising from degraded plant 

matter. In the case of synthesized BC-GO, the peaks at 2457 cm-1, 1706 cm-1, and 1229 cm-1 are 

associated with vibrational bands of -CH2, C=O stretching, and C-N stretching mode, respectively. 

Moreover, distribution and content of oxygen-related functional groups, may vary and cannot be 

directly compared with conventionally prepared GO, as synthesis scheme, oxidative agents, and 

level of application are different.  

2.3.6 Structural, topological, and morphological properties of GO synthesized using 

modified Hummers’ method  

In this section, we compare the structural, topological and morphological properties of graphene 

oxide synthesized from semi-anthracite coal and graphite using modified Hummers’ method. Our 

main objective was to assess the effect of different oxidizing agents used in the modified 

Hummers’ method on the properties of the two GOs: one obtained from graphite (MHM-GO) and 

other from semi-anthracite coal (AC-GO (MHM)). Initially, we aimed to include GO synthesized 

from bituminous coal using MHM, but unlike the semi-anthracite coal, the bituminous coal 

completely dissolved under the influence of such strong oxidizing conditions.  

First, we focus on the XRD spectra for MHM-GO and AC-GO (MHM). For MHM-GO, the XRD 

spectrum displays characteristic peaks at 2θ = 9.10 and 440 corresponding to (001) and (100) plane, 

respectively (Figure 2.10a). Further, consistent with previous studies, the calculated values of Lc 

and Nc for MHM-GO are 5.01 and 6-7 layers which are lower than those for graphite (2θ = 260, Lc 

= 32 and Nc = 95-96 layers), suggesting thorough exfoliation of graphite by intercalating oxygen 

functionalities during oxidation in Hummers’ method. This is consistent with the finding reported 
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by Lee et al. [51] in their study on the fabrication of GO/rGO Janus film in which they prepared 

GO via Hummers’ method using graphite as precursor. Their XRD analysis showed the typical 

diffraction peak at 2θ = 10.50 of C (001), which indicates thorough exfoliation of graphite by the 

intercalation of oxygen functionalities. 

 

Figure 2.10. a.) XRD spectra of graphite derived GO (MHM-GO), b.) XRD spectra of coal 

derived GO (Coal-GO (MHM)), c.) Raman spectra of graphite derived GO (MHM-GO), d.) 

Raman spectra of coal derived GO (Coal-GO (MHM)) 

The AC-GO (MHM), on the other hand, shows additional peaks, corresponding to the impurities, 

apart from the (002) graphitic phase, indicating the unsuitability of the MHM for synthesizing GO 

from semi-anthracite coal (Figure 2.10b). In addition, we compared the yield of GO produced 

from semi-anthracite using MHM with that obtained through the one-pot process. The former is 

found to be eight times lower than the latter, clearly indicating that the one-pot process is the 
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preferred route for converting coal to GO. This is due to two entirely different mechanisms at play 

in the two methods of synthesis (one-pot and modified Hummers’). As pointed out in [31], the 

modified Hummers’ method allows the exfoliation of nicely stacked AB-carbon of bulk graphite 

in the c-direction in which the graphene sheets are orderly stacked in a large number, whereas the 

newly developed one-pot method is based on scissoring of the links between amorphous and 

graphitic domains and extraction of those graphitic regions of coal, which unlike graphite contains 

turbostatic graphitic carbon arrangement. 

Next, we analyze the Raman spectra for MHM-GO and AC-GO (MHM) for differences, if any. 

The Raman spectrum of MHM-GO (Figure 2.10c) is typical of graphite-derived GO, exhibiting a 

D band at 1353 cm-1 and a G band at 1605 cm-1. The ID/IG ratio of 0.86 indicates a highly ordered 

structure of graphite-GO. The Raman spectrum of AC-GO (MHM) is almost similar to that of the 

MHM-GO suggesting the presence of similar structural moieties in both of them (Figure 2.10d).  

Figure 2.11 depicts the BET/BJH plots for AC-GO (MHM). Interestingly, the specific surface area 

for the MHM-GO was also comparable to the BC-GO but the surface area for AC-GO (MHM) 

was also quite low.  

 

Figure 2.11. BET/BJH of AC-GO (MHM) 

Moving on to the FTIR spectra, Figure 2.12a shows the spectrum for MHM-GO, where the peak 

at 1620 cm-1 is attributed to C=C stretching of the unoxidized graphite. The peaks at 1727 cm-1 
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and 1170 cm-1 represent the C=O stretches of carboxyl group and the C-OH stretches of alcoholic 

group, respectively. In contrast, in the FTIR spectrum (Figure 2.12b) for AC-GO (MHM), the O-H 

peak almost disappears, indicating a lower level of oxygen functionalities in it. 

 

Figure 2.12. a-b.) FTIR spectra for MHM-GO and AC-GO (MHM), c-d.) SEM images of MHM-

GO and AC-GO (MHM) 

The peak at 1050 cm-1 is attributed to C-O stretching vibrations of C-O-C group. It is worth noting 

that the functional groups in AC-GO and BC-GO prepared by the one-pot method are comparable 

to those in GO synthesized using modified Hummers’ method. The SEM morphology of AC-GO 

(MHM) is also quite similar to that of AC-GO and BC-GO, see Figure 2.12d. In the case of 

MHM-GO, the SEM image reveals the aggregated morphology of GO sheets, as represented in 
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Figure 2.12c. Thus, collectively, the FTIR and XPS analyses confirm that AC-GO and BC-GO 

have abundant functionalities comprising of oxygen and nitrogen, along with graphitic structures.  

2.4. Mechanism for one-pot synthesis of GO from Indian coals 

Graphite has been the precursor of choice for synthesizing graphene oxide via Hummers’ method 

or its modified versions [52]. The mechanism which is accepted involves the formation of three 

intermediates during the synthesis, which are as follows: 

1. First intermediate (H2SO4–GIC): Transformation of graphite to the sulfuric acid–graphite 

intercalation compound (GIC) in an acidic oxidizing medium. 

2. Second intermediate (PGO): GIC is an oxidized form of graphite (pristine graphite oxide, PGO) 

in which oxidant diffusion takes place into preoccupied graphite galleries. 

3. Third intermediate (GO): Alteration of PGO to graphene oxide involving the reaction of PGO 

with water. 

Essentially, oxidation initiates at the active sites of the graphitic surfaces. In presence of strong 

oxidizing agents deployed in the Hummers’ method, oxidation advances and penetrates into 

adjacent stacked layers of graphene on the basal plane by splitting O2 gas in adjoining graphene 

layers [31,46]. Exfoliation of graphite takes place corresponding to AB-stacked carbon in c-

direction, and graphene layers are largely piled up in regular fashion.  

For GO synthesized from coals using HNO3 as an oxidizing agent, the mechanism is quite 

different. As first postulated by Lee and Mahajan [32], scissoring of linkages in-between graphitic 

and amorphous domains and extraction of those domains occurs where graphite layering are 

irregularly arranged. Based on a study by Lyubchik et al. [53] on the reaction between anthracite 

coal and NO3 acid leading to coal swelling and subsequent release of NO2 as a by-product, Lee 

and Mahajan [32] proposed the following model: 

2HNO3 (g)               2HNO3 (ad)                 NO2
+ (ad) + NO3

- (ad) + H2O 



88 
 

Cn + NO2
+ (ad)               Cn

+ + NO2 (g)   

Cn
+ + NO3

- (ad) + mHNO3 (ad)               Cn
+NO3

nnmHNO3
n (IC compound) 

where, g represents the gas phase; ad shows adsorption on surface of carbon; IC is the 

abbreviation for intercalation. It was further noticed that increase in HNO3 concentration 

pertaining to intercalation behaviour resulted in decrease of crystalline structure. Figure 2.13(a,b) 

shows a comparative flow chart/mechanism for oxidation and exfoliation of GO from graphite 

using Hummers’ method, and from coals using one-pot process. Although there are variations in 

the concentration of HNO3 and the oxidation time for anthracite and bituminous coals, we believe 

that the mechanism proposed above applies to both the coals.  

 

Figure 2.13. Mechanistic scheme for comparison between two different approaches of GO 

synthesis (a) Hummers’ method, (b) One-pot process 

2.5. Application of Coal-GO in Glass fiber-based epoxy nanocomposites for improved 

mechanical behaviour of GFRP nanocomposites 

The use of graphene oxide (GO) as an additive, either alone or in conjunction with glass fibers, 

has garnered significant attention in recent years, from both academia and industry [54]. This is 

due to its remarkable ability to considerably improve mechanical, electrical, and thermal 
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properties, even at very low concentrations. A growing amount of interest in GO-based technology 

has been seen in both academia and industry [54]. The improvement in strength and toughness of 

nano composites obtained by incorporating nanoparticles in polymer matrices is attributed to the 

multiple effects such as increase in the interfacial bonding between the epoxy matrix and the 

nanofillers, leading to improved load transfer and stress distribution within the composite material, 

and acting as reinforcing agents by limiting the movement of polymer chains, preventing crack 

propagation [55]. Several studies have demonstrated the potential of graphite-derived GO as a 

nanofiller in glass fiber-reinforced polymer (GFRP) nanocomposites in improving mechanical 

performance [56],[57],[58]. However, to the best of our knowledge no study has been conducted 

to investigate the potential of coal-derived GO synthesized using the one-pot method in GFRP 

nanocomposites.  

We have conducted a systematic study in which we utilized anthracite-coal-derived GO and 

studied its reinforcement effect in GFRP nanocomposites, utilizing epoxy as the matrix. The 

methodology followed for fabrication of GFRPs using AC-GO is described in Section S3. All 

calculations and data analysis were compared to the control composite (epoxy and glass-fiber), 

abbreviated as GFRP0.  

As illustrated in Figure 2.14, at 0.125 phr loading of AC-GO in GFRP (referred to as A-EGF0.125), 

all the mechanical properties reached their maximum levels compared to GFRP composite with no 

loading (GFRP0). The tensile strength, tensile modulus, flexure strength and flexure modulus were 

enhanced by 18.3%, 30.9%, 22.7% and 25.1%, respectively, as shown in Figures 2.14a, b, c, and 

d. The impact strength, however, experienced a relatively smaller increase of only 6% compared 

to GFRP0, see Figure 2.14e. These rather significant improvements in mechanical properties can 

be attributed to the presence of abundant functional groups in AC-GO, which promote better 

dispersion and enhanced adhesion between oxygen-related functional groups on GO and epoxy 

resin and hardener. Furthermore, dynamic light scattering (DLS) studies revealed an average 



90 
 

particle size distribution of 0.17 µm for AC-GO. This small particle size distribution provides a 

larger surface area available for polymer/filler bonding, promoting effective dispersion, and the 

associate benefits discussed earlier. It is clear from the bar charts in Figure 2.14 that increasing the 

concentration of GO beyond the optimized value leads to a significant drop in the mechanical 

strength of the composites. This decrease can be attributed to the high viscosity of the resin system 

and the aggregation of AC-GO at higher nanofiller loadings, which act as stress concentration sites 

[59]. 

Figure 2.14f presents the XRD spectra of GFRP0 and the synthesized A-EGF nanocomposites at 

different concentrations of nanofillers. The absence of d(002) peak, which varies in shape among 

different compositions, and the presence of an identical peak across different AC-GO 

compositions indicate that the morphology of the reinforced EGFPs is largely exfoliated, 

irrespective of the composition. These XRD results are consistent with the studies reported in 

[60],[61]. Additionally, the oxygen-based functional groups present on the glass fiber react with 

the hydroxyl functional groups on the surface of the GOs during the curing process, resulting in a 

substitution reaction. GO also bonds with epoxy polymer via hydrogen bonding [62]. 
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Figure 2.14. Mechanical properties of AC-GO based GFRP composites a,b) Tensile strength and 

Tensile modulus c, d) Flexural strength and Flexural modulus e) Impact strength f) XRD spectra 

of control sample, GFRP and AC-GO incorporated GFRP 
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GFRPs offer an ideal solution for applications where enhanced mechanical properties (tensile, 

flexural and impact strength) are the prime requirement, while maintaining low weight of the 

structures. The data presented in this paper suggests that the versatility of these materials can be 

further expanded by the availability of various precursors and associated processing techniques. 

This flexibility in the choice of the precursor and associated processing methods extends beyond 

GFRPs to other applications using GO such as electronic devices, energy storage devices, 

supercapacitors, membranes, catalysts, and water purification systems [63],[64][65]. 

Conclusion 

In this comprehensive investigation, we have conducted an extensive experimental study aimed at 

extending the recently developed one-pot process for synthesizing GO for semi-anthracite coal to 

bituminous coal, which is abundantly available in India. Additionally, we also assessed the 

applicability of the original process to anthracite coal available in India. Another focus of our study 

was to explore the potential applications of coal-derived GO and evaluate its impact as a nanofiller 

on the mechanical properties of a commonly used Glass Fiber Resin Polymer (GFRP). The major 

takeaways from our study are as follows:  

 We identified the optimal processing parameters for bituminous coal, including a 

concentration of 5M HNO3 and an oxidation time of 5 hours.  

 Interestingly, we observed that at higher HNO3 concentrations, bituminous coal 

dissolved completely, and even at 5 M with extended oxidation times (> 5 hours), it 

either dissolved completely or very less yield was obtained. The inference is that the 

concentration and oxidation time are important parameters in the synthesis of GO.  

 For the semi-anthracite coal in India, with minor changes in composition from the 

sample used in the development of the original process, the original recipe using 16 M 

HNO3 and 72 hours of oxidation worked well. 
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 TEM and SEM analyses revealed the flaky texture and stacked sheets of GO 

synthesized from both bituminous and semi-anthracite coal. FTIR studies indicated the 

appearance of carboxylic functionalities predominantly at the edges of the graphitic 

surface predominantly, suggesting minimal impact of HNO3 in the c-direction.  

 Raman spectra of BC-GO shows quite low ID in comparison to AC-GO which correlates 

well with the use of less concentrated HNO3 used, resulting in fewer defects and 

preservation of the graphitic domains. Furthermore, BC-GO exhibited a broad H1 loop, 

suggesting the presence of mesopores.  

 Incorporating AC-GO as a nanofiller in GFRP composites resulted in significant 

improvements in their mechanical properties. The tensile strength and tensile modulus 

increased by 18.3% and 30.9% while the flexural strength and flexural modulus 

increased by 22.7% and 25.1%, respectively. Additionally, a small increase (6.7%) was 

observed in the impact strength at a loading of 0.125 phr of AC-GO in GFRP 

composites.  

Looking ahead, future research and development efforts can continue to explore and harness the 

potential of GO in various industries. The versatility and unique properties of GO offer 

opportunities for advancements and these areas, leading to advancements and breakthroughs in 

various applications such as electronics, energy storage devices, membranes, catalysts, and water 

purification systems, to name a few. Mostly, the results procured and analyzed in the current study 

are consistent with the previous studies. In addition to low hazardous chemicals footprint, the one-

pot process extended to bituminous coal lends itself to scale-up. This should open up opportunities 

for applications in different market segments such as sensing, fiber-reinforced polymer 

nanocomposites, drug delivery, Li-ion batteries and others.  

 In the next chapter, a comparative study for the effect of various precursor-based graphene 

oxide (GO) nanofillers on enhancing the mechanical performance of E-glass fiber reinforced 
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epoxy resin composites (EGFPs) has been carried out. GO derived from bituminous coal (BC-GO) 

and graphite (Gr-GO) were dispersed into epoxy resin matrix. The resulting mixture was 

combined with E-glass fiber mats using vacuum-assisted resin infusion molding. The synthesized 

BC-GO and Gr-GO based EGFPs have been evaluated for different mechanical properties 

(Tensile, Flexural and Impact properties).  
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Chapter 3. Enhancing the Mechanical Performance of E-Glass Fiber 
Epoxy Composites using Coal-Derived Graphene Oxide 

 

 
 

Highlights 

 BC-GO demonstrates superior mechanical performance compared to Gr-GO in EGFPs. 

 0.25 phr BC-GO improves 38.9 % flexural, 22.9 % tensile & 21.6 % impact strengths. 

 Beyond 0.25 phr, BC-GO and Gr-GO showed a decline in mechanical enhancement. 

 Role of particle size, loading & adhesion to matrix analyzed using XRD, FTIR, DLS. 

 Coal-GO is an attractive alternative nanofiller for EGFPs. 
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3.1. Introduction 

Because of superior mechanical and chemical properties, E-glass fibers and graphene oxide (GO) 

have been used as reinforcement materials in a wide range of applications [1]. E-glass fiber 

reinforced polymers (EGFPs) have been extensively utilized in important market sectors such as 

aircraft, automotives, wind energy, and construction. The mechanical characteristics of these 

EGFPs depend on the attributes of the polymer matrix and the interfacial adhesion between the 

glass fibers and the matrix [2,3]. EGFPs have a few attractive features such as low density, high 

stiffness, strength, excellent thermal stability, and chemical and corrosion resistance. However, 

these materials are susceptible to different types of damage, such as matrix cracking, interfacial 

debonding, and fiber breakage during fracture. These failures mainly result from the weak fiber-

matrix interface, which affects the mechanical behavior of EGFPs. Improving the interfacial 

adhesion between the fiber and the polymer matrix is, therefore, critically important to enhance 

the mechanical and functional properties of EGFPs. To this end, researchers have proposed 

various methods, including incorporating nanoparticles to reinforce the polymer matrix, and 

modifying the fiber surface through surface treatment [4,5]. Additionally, researchers have also 

tried adding particulates, not necessarily nano, to improve interfacial adhesion. For example, in 

[6], Mekonen and co-workers evaluated the mechanical properties of hybrid polymer composites, 

using epoxy resin as the matrix material, and E-glass fiber and bone particulate as reinforcement 

materials in different weight percentages (wt.%) and various combinations. Their results showed 

that the highest values for tensile and compressive strength were achieved at a composition ratio 

of 40 % E-glass fiber and 60 % epoxy matrix, measuring 254.96 MPa and 37.52 MPa, 

respectively. The maximum flexural strength achieved at this composition was measured at 

250.52 MPa. However, the bone particulate-reinforced composites showed the lowest tensile 

strength. The hybrid composites demonstrated performance between the bone particulate and E-

glass fiber reinforced composites. The authors opined that this deficit in performance could be due 
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to poor adhesion between the bone particulates and glass fibers with the matrix or due to the 

presence of air bubbles in the composition. In addition to poor adhesion with the epoxy 

composites, E-glass fiber as reinforcement in epoxy composites can also exhibit lower mechanical 

enhancement than expected due to factors such as improper resin impregnation, fiber 

misalignment, voids or defects in the composite structure, and limitations of the epoxy matrix 

itself. 

Another potential approach that has been explored to improve interfacial adhesion between fibers 

and the polymer matrix in EGFPs is replacing E-glass fiber with natural fibers [7]. However, 

natural fibers have their own drawbacks, including higher water absorption, inadequate matrix-

fiber adhesion, and poor fiber dispersion compared to synthetic fibers. These drawbacks 

negatively affect the performance and overall properties of composites. Chopra et. al [8] focused 

on the mechanical properties of E-glass fiber reinforced epoxy composites by incorporating plain 

weave copper strips mesh amidst layers of fiberglass. The findings indicated that the tensile 

strength, flexural strength, impact strength, density, and hardness of the hybrid composite 

increased by 16.3 %, 29.0 %, 55.5 %, 57.2 %, and 113.8 %, respectively, compared to those of the 

EGFP composite. Other researchers have explored the addition of various other types of filler 

materials to achieve specific desired outcomes [9]. For instance, borosilicate glass microspheres 

were incorporated into epoxy composites [10], copper metal powder was added to create a hybrid 

composite [11], waste products like fly ash, Linz-Donawintz slag, a solid waste produced during 

steel manufacturing were used for making hybrid composites [12–14], and iron fillings were 

included in FRP composites [15]. According to these studies, the choice between hybrid 

composites made with epoxy, E-glass, and particulates or another type of fiber depends on the 

effect of the filler (fiber or particulates) on the overall adhesion between the matrix and the 

additives.  



106 

 

An important inference that can be drawn from the above-mentioned studies and other related 

research is that nanofillers have the potential to significantly enhance the strength and stiffness of 

EGFP composites. These nanofillers acting as reinforcing agents can also effectively distribute 

stress and improve load-bearing capabilities. Their incorporation improves the strength and 

toughness of nanocomposites by suppression of crack propagation [16]. 

In recent years, graphene oxide (GO) has gained growing attention in both academia and industry 

due to its ability to significantly enhance mechanical, electrical, and thermal properties, either on 

its own or in combination with glass fibers, even at exceedingly low concentrations [17]. Umer et 

al. [18] studied the influence of GO on EGFP composites, synthesized using resin infusion 

technique in which GO was added at different wt.% (0.05, 0.1, and 0.2 wt.%). The test data for 

flexural properties showed a 21 % increase in flexural modulus and a 30 % increase in flexural 

strength, with the addition of GO by 0.2 wt.%. Prusty et al. [19] conducted an assessment of the 

flexural strength of epoxy/glass fiber composite with 0.5 wt.% graphene oxide (GO) and reported 

an increase of 21.1 %. Du et al. [20] analyzed the flexural and tensile properties of short glass 

fibers coated with GO as a reinforcement material in polyethersulfone (PES) composites. Different 

weight percentages of GO ranging from 0.05 to 1.0 were used. The composite with 0.5 wt.% GO 

coating on short fibers showed an enhanced improvement of 10.2 % in tensile strength, 25.4 % in 

Young’s modulus, 9.4 % in flexural strength, and 15.9 % in flexural modulus.  

However, the properties of composites comprising graphene and glass fiber are subject to two 

crucial constraints [21]. Firstly, suboptimal interfacial adhesion impedes effective load transfer 

from the graphene nanofiller to the matrix across the interphase. Secondly, graphene sheets tend to 

aggregate in polymer matrices due to their larger particle size, higher surface energy, and intrinsic 

van der Waals bonding [22]. As a consequence, the mechanical properties do not increase 

monotonically with increasing GO concentration. Instead, they rather peak at a specific value of 
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GO concentration. This is due to the aggregation of GO particles even after employing techniques 

like homogenization and ultrasonication. The aggregation of GO particles leads to substantially 

reduced exposed surface area of GO, leading to fewer functional groups available for bonding 

with the epoxy matrix, and thereby reducing the efficiency of stress transfer from the matrix to the 

reinforcing GO. These two limitations can be addressed by uniformly dispersing GO fillers in 

epoxy and employing appropriate surface treatment of the constituents [23,24]. This is facilitated 

to some extent by the fact that GO sheets accommodate a large number of functional groups on 

their surfaces and edges such as hydroxyl, epoxy, and carboxylic groups [25], which facilitate the 

dispersion and interaction of GO within the matrix.  

In addition to the use of GO nanosheets incorporated in EFGPs, they have also been used in 

conjunction with carbon fibers. For example, Pathak et al. [26] studied the interfacial properties of 

GO incorporated carbon fiber reinforced epoxy nanocomposites. Their data showed that the 

amount of GO needed to achieve optimal thermal properties in hybrid carbon fiber reinforced 

plastic (CFRP) composites was 0.3 wt.%. By adding this amount of GO to the CFRP composites, 

the thermal stability of the material was enhanced by 16°C. This improvement can be attributed to 

the layered structure of GO, which creates a convoluted path that acts as a barrier, impeding the 

penetration of oxygen. In our research, we have opted to utilize GO instead of pristine graphene 

because of the abundant functionalities present on the GO surface, which facilitate easier 

dispersion of GO in epoxy resins and enhance its compatibility with the polymer matrix. In 

contrast, pristine graphene tends to agglomerate, which leads to poor dispersion and diminished 

mechanical properties of the composite [27,28]. Secondly, the functional groups on GO enable it 

to form stronger chemical bonds with the epoxy resin and the glass fibers. This significantly 

improves the interfacial bonding, thereby leading to better load transfer between the polymer 

matrix and the fibers, resulting in increased mechanical properties [25,29–33].  
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The integration of macroscopic fibers and micro- and nano-fillers by means of grafting techniques 

can result in hierarchical reinforcements that improve the interface shear strength of fiber-based 

composites. This approach allows for the uniform dispersion of nano-scale reinforcement, which 

can enhance the mechanical properties of the resulting composites. Li et al. [34] proposed a 

hierarchical reinforcement strategy that involved grafting GO onto carbon fibers (CF) through a 

chemical process, using polyamidoamine (PAMAM) dendrimers as bridging agents. 

Morphological characterization confirmed the uniform distribution of GO sheets onto CF. This 

uniform distribution of nanoscale filler over macroscale reinforcement contributed to the high 

mechanical strength of the resulting composites. Liu et al. [35] investigated the interfacial 

properties of hierarchical reinforcement of carbon fibers modified with GO through different 

modes of bonding (van der Waals forces, zwitterionic interactions, and covalent bonds). The 

resulting CF/GO composites exhibited higher flexural strength, interlaminar shear strength, and 

interfacial shear strength compared to pristine CF, with increases of 28.7 %, 22.7 %, and 50.6 %, 

respectively. The interfacial interaction between CF-GO and polymer matrix has been shown to 

enhance significantly, demonstrating excellent potential for improving the interfacial properties of 

fiber-GO composites for various applications. 

The most common method commercially deployed for the synthesis of graphene, to date, has been 

the modified Hummers’ method with graphite as the precursor [36–40]. But due to the rising cost 

of graphite and regional localization, researchers have been exploring other readily accessible 

precursors such as coal, biomass, etc. [41]. Additionally, the modified Hummers method is quite 

tedious and requires harsh chemicals and results in the release of detrimental gases such as NOx 

and ClOx. To address these concerns, Lee and Mahajan [41] have developed a simplified one-pot 

process to synthesize GO that uses semi anthracite coal as a precursor and a single acid (HNO3) 

for oxidative scissoring of the sp2 graphitic domains from the coal edges. More recently, Garg et 

al. [42] extended this process to bituminous coal obtained from one of the mines in India and 
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showed that the original recipe for bituminous coal needs fine-tuning for optimal production of 

GO.  

In a recent study by Bhardwaj et al. [43], the authors investigated the thermal performance of non-

silicone-based thermal interface materials by incorporating different carbonaceous additives, 

including multilayer graphene derived from graphite (Gr-MLG), using the Hummers’ method [36–

40], and multilayer graphene synthesized from semi-anthracite coal (AC-MLG), using one-pot 

method [44]. The experimental data revealed as much as ~350 % higher thermal conductance with 

the AC-MLG compared to Gr-MLG. This gain was attributed to the higher thermal percolation 

threshold of AC-MLG, which, in turn, was linked to a larger distribution of phenolic oxygen 

functional groups. Their study highlighted the critical role played by the precursor material and the 

accompanying process parameters used for the synthesis of graphene in determining the properties 

of graphene or graphene oxide. Based on these findings, it is reasonable to deduce that the choice 

of precursor material and the process used to synthesize GO nanofillers may significantly impact 

the mechanical properties of GO-reinforced EGFP composite. While EGFPs with Gr-GO have 

been studied extensively, including the interaction of Gr-GO with the epoxy-fiber matrix, there is 

limited knowledge about the interfacial adhesion of coal-derived GO in EGFPs [45–47].  

To address this research gap, we have conducted an investigation, with a focus on comparing the 

enhancement or degradation in the mechanical properties such as tensile strength, flexural 

strength, and impact strength of glass fiber epoxy composites, using GO synthesized from 

bituminous coal (BC-GO) via the one-pot method in comparison to GO derived from graphite (Gr-

GO). Importantly, we wanted to ascertain whether the mechanical threshold (optimum) i.e., the 

level of the loading fraction of the additive that can be dispersed in the matrix before the onset of 

agglomeration, is higher for the bituminous coal-derived GO composites as compared to other 

prepared composites. The novelty of our work stems from the utilization of BC-GO, synthesized 
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through a simplified a one-pot method, into EGFP composites, rendering it more practical and 

accessible for real-world applications. This unique approach capitalizes on the utilization of an 

abundantly available and cost-effective source, i.e., bituminous coal as a precursor for 

synthesizing GO used as a nanofiller in the reinforcement in EGFPs. As elaborated in the text, 

when BC-GO was tested for its mechanical potential in EGFP, its properties were superior to 

conventionally used Gr-GO in EGFPs. We believe this to be possible due to the ability of BC-GO 

to possess abundant functional groups, which improve the adhesion between oxygen-related 

functional groups on GOs and epoxy resin and hardener. For the higher value of mechanical 

threshold, a larger improvement in mechanical properties would be possible. Additionally, we also 

wanted to investigate the role of particle size on load transfer and mechanical properties. These 

issues are discussed in detail in the following sections. Section 3.2 provides an overview of the 

materials and synthesis techniques used, while Section 3.3 briefly describes the characterization 

and testing tools deployed. Sections 3.4-3.6 present a comprehensive analysis of the experimental 

data, including the mechanical properties (tensile, flexural, and impact strength) of the composites 

under different nanofiller loading conditions. Section 3.7 delves into the crucial insights into the 

mechanism for interfacial bonding between GO and EGFP, and Section 3.8 summarizes the main 

findings of the study. 

3.2. Materials and methods 

3.2.1. Materials 

The epoxy resin (Araldite CY 230-1) and the curing agent (Aradur HY 951) were procured from 

Huntsman Advanced Materials, India. These epoxy resin and the curing agents have the 

functionality of diglycidyl ether and aliphatic amine, as reported. The epoxy and curing agent 

were mixed in the weight ratio of 10:1. E-glass fiber mats were obtained from Revex Plasticizers 

Pvt. Ltd., India. BC-GO was synthesized in the laboratory using the recently developed one-pot 
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process while Gr-GO was synthesized using a modified Hummers’ method. Raw chunks of 

bituminous coal were sourced from the north-eastern region of India (supplier, RK & Sons, 

Patiala, Punjab). Graphite fine powder was obtained from Loba Chemie Pvt. Ltd. Merk supplied 

hydrochloric acid, ethanol, hydrofluoric acid, and nitric acid. Double distilled water was used to 

prepare reagents and for washing during the experiments.  

3.2.2. Synthesis of coal-derived GO via one-pot method  

The nut-size raw coal was ball milled to obtain a particle size below 10 µm. Acids including 37 % 

HCl and 50 % HF were used to purify raw coal powder with 500 ml of distilled water. This 

mixture was subjected to magnetic stirring for 36 h. For the next 12 h, the mixture was kept at rest 

and black precipitates were obtained from the bottom of the beaker. Three grams of the purified 

coal were subjected to oxidation, using 5 M HNO3 for 5 h at 80°C. The oxidized Coal-GO solution 

was neutralized and subjected to probe sonication for 4 h and finally centrifuged. The obtained 

BC-GO solution was dried in an oven below 60°C to obtain the powdered form of GOs. 

3.2.3. Synthesis of graphite-derived GO via modified Hummers’ method 

Following the recipe in [38], 46 ml of conc. sulphuric acid (H2SO4), 1 g of graphite powder, and 1 

g of sodium nitrate (NaNO3) were subjected to 4 hour stirring in an ice bath. Subsequently, 6 g of 

KMnO4 was added to the solution, followed by vigorous stirring for 1 h. While continuously 

stirring, distilled water (220 ml) and hydrogen peroxide (H2O2), with a concentration of 30 %, 

were added dropwise into the solution. To eliminate any metal impurities, the solution was washed 

using 5 % HCl and distilled water. Finally, drying of the solution was carried out overnight to 

obtain the powdered form of Gr-GO. 

3.2.4. Fabrication of EGFP nanocomposites 

Based on previous studies [19,48–51], the starting concentration range of nanofillers in the EGFP 

system was chosen in the range 0.1 – 0.75 phr (parts per hundred resin). Initially, coal-derived GO 
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(BC-GO) and graphite-derived GO (Gr-GO) were dispersed separately in the epoxy resin and 

homogenized at 20,000 rpm for 10 minutes, followed by probe sonication at 80 % amplitude for 

10 minutes in an ice bath to allow dissipation of excessive heat. Afterward, the solution was 

mechanically stirred at 500 rpm for 10 minutes, and the hardener was added to this mixture. This 

mixture was then infused in the VARIM (Vacuum Assisted Resin Infusion Mold), which was 

cleaned with the cleansing agent and then coated with a mold release agent to prevent sticking.  

As per the ASTM standards, two-ply mats were used for testing tensile and flexural properties 

(ASTM D-3039 for tensile samples and ASTM D 790-02 for flexural samples), while the impact 

testing specimens were constructed using twelve layers of the mat in accordance with ASTM D 

256–02. The upper-most layer of glass-fiber mat was covered with a separator cloth on the top of 

which a perforated sheet was placed to ensure uniform dispersion of resin. Lastly, a wire mesh 

was used to provide a path for the resin flow. An infusion pipe was placed over the wire mesh and 

secured with sealant tape. A breather cloth was again used to create a bridge over the wire mesh to 

facilitate resin flow. In the last step of fabrication process, the whole setup was covered with a 

lamination sheet and supported with sealant tape. A vacuum pump maintained about 1 mbar of 

vacuum pressure. The infusion of resin was carried out with the assistance of a vacuum pump, 

ensuring proper impregnation of the fiber mat with resin. After infusion, the nanocomposite sheets 

were cured and post-cured for 6 h at 23 ℃ and 6 h at 60 ℃, respectively. The general 

scheme/camera visuals are shown in Figure 3.1, which represents the protocol followed during the 

preparation of sheets. 
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Figure 3.1. (a) & (b): Schematic representation/camera visuals of the one-pot process, and 

modified Hummers’ method for the preparation of GO, respectively, and (c): synthesis of EGFP 

nanocomposites using VARIM 

3.3. Characterization and Mechanical testing 

Characterizations of GO in FRP nanocomposites were conducted using various analytical 

techniques: SEM, TEM, XRD, and FTIR. X-Ray Diffraction analysis (XRD) was carried out 

through a PANalytical X-ray diffractometer equipped with Ni-filtered Cu Kα radiations (λ = 

0.1504 nm). The scan rate was set at 2o min-1 in the range of 10–90º at an applied voltage of 45 
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kV. TEM characterization was carried out using Hitachi (H-7500) operating at an acceleration 

voltage of 110 kV. Fractographic analysis of various samples of fractured composites was 

conducted using a ZEISS scanning electron microscope (SEM) at an accelerating voltage of 5 kV. 

A Shimadzu FTIR spectrophotometer (IRTacer-100) in the scan range of 400-4000 cm-1 was used 

to analyze the functional groups present in different concentrations in the prepared composites and 

identify any chemical modifications that might have occurred after the addition of GOs. The 

particle size distribution of graphene oxide dispersed in deionized water was determined by using 

a dynamic light-scattering method (DLS) with a Zetasizer from Malvern. For mechanical testing 

(impact, tensile and flexural strength), the composite specimens were prepared according to the 

ASTM D 256–02, ASTM D 3039, and ASTM D 790–02, respectively. The tensile strength and 

flexural strength were tested via a Universal Testing Machine, UTM from Zwick/Roell, Germany. 

For impact testing, Tinius Olsen (model-IT504) impact tester was used. To ensure reproducibility, 

five specimens were prepared and tested for each strength property of all the composites. 

3.4. Results and Discussion 

3.4.1. Characterizations of EGFP nanocomposites 

Figure 3.2a illustrates the XRD patterns for different GO samples, including bituminous coal-

derived GO (BC-GO) via a modified one-pot process [42], and graphite-derived GO (Gr-GO) by 

modified Hummers’ method [38]. Additionally, the XRD pattern of the EGFP composite without 

any nanofillers is shown in Figure 3.2a. Figure 3.2b displays the XRD spectra of different 

composites prepared by incorporating BC-GO and Gr-GO as nanofillers in EGFP composites. 

In Figure 3.2a, Gr-GO exhibits an XRD diffraction peak at around 2θ = 10.19° corresponding to 

the (002) plane with a d-spacing of 0.86 nm. Alam et al. [52] reported the (002) crystalline plane 

peak around 2θ = 10.11°. The existence of a diffraction peak of (100) crystalline plane at 2θ = 43° 

is suggestive of the turbostratic disorder in the graphene oxide, likely caused by defects in the GO 
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system [16,53]. In contrast, the XRD patterns of BC-GO show the diffraction peak at 2θ = 20.90, 

respectively which are consistent with those reported by Garg et al. [42]. Lastly, the XRD 

spectrum of EGFP without any nano reinforcement shows a diffraction peak at 2θ = 19.020, 

attributed to the residual crystalline silica in the composite. Since no other identifiable diffraction 

peaks were observed in the EGFP composite, it can be assumed that the composite is amorphous 

in nature. The absence of identifiable peaks in the EGFP composite without any nanofillers 

implies a uniform distribution of glass fibers within the matrix [54]. For simplicity, in the text to 

follow, we use the following nomenclature: the initial of the precursor from which GO has been 

derived comes first, followed by E for epoxy polymer and GF for glass fiber, with a subscript 

showing the concentration of GO in that composite. For instance, B-EGFx stands for bituminous 

coal-derived GO in epoxy glass fiber composite with x as the concentration of GO being used as a 

filler. The XRD diffractograms of B-EGFx and Gr-EGFx (Figure 3.2b) for different values of x, 

when compared with those of EGFP alone (Figure 3.2a), clearly show no other distinct peaks 

corresponding to the crystalline planes of the respective graphene oxides. This implies that the 

incorporation of graphene oxide sheets does not influence the degree of crystallinity of the 

corresponding EGFP composites [55]. The analysis also reveals negligible transformation to the 

trans-crystalline phase at the system interface, indicating that there is no change to the 

fundamental 3-dimensional cured epoxy network crystal structure with the addition of GOs as a 

nanofiller [54]. Another possible reason could be the exfoliation of GO layers in the presence of 

epoxy [56]. The absence of d(002) peak around 2θ = 19° (very close to the silica residual peak) 

would also suggest that GOs are largely exfoliated in the epoxy matrix. The missing d(002) peak, 

which varies in shape among different compositions, and the presence of an identical peak across 

all GO compositions indicate that the morphology of the reinforced EGFPs is largely exfoliated, 

irrespective of the composition and source of GO. The presence of another peak of GOs around 2θ 

= 43° was observed in all GO modified EGFP samples, suggesting the presence of GO.  
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Similar observations were reported by Kanny et al. [57] on the incorporation of nanoclay in the 

epoxy matrix at lower values of the concentration of nanoclay. No separate peak was observed for 

3 wt.% dispersed nanoclay, indicating a randomly dispersed structure throughout the matrix, 

referred to as an exfoliated structure. However, at 4 wt.% and 5 wt.% nano clays, composites 

exhibited distinct diffraction patterns at 2θ of 4.7° and 5.1°, respectively, suggesting that the 

epoxy had successfully intercalated into the gallery spacing of the clay particles (referring it as an 

intercalated structure). Their TEM analysis confirmed their inference/conclusions about the 

structure suggested by the XRD data. In the range of concentration of GO nanofiller in our study, 

we did not observe the intercalated structure. 

 

Figure 3.2. XRD spectra of various synthesized coal/graphite-derived GO and EGFP composites  

One of the highly preferable tools to determine the mechanistic interpolymer hydrogen bonding is 

FTIR. It offers a non-destructive, highly effective method to obtain the molecular fingerprint of 

various compositions. The FTIR spectra of cured epoxy/glass fiber composites with/without any 
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nanofiller at different loadings are shown in Figure 3.3. For brevity, only the spectra of the 

concentration of interest are shown as all the peaks were almost similar. Notably, the spectra were 

similar for composites, both with and without the nanofiller. This is due to the presence of 

abundant functional groups, such as epoxides, carbonyls, hydroxyl in epoxy and glass fiber [58], 

and also a significant amount of oxygen-based functional groups in graphene oxide [59], resulting 

in overlapping peaks. As discussed later, the incorporation of these functional groups into the 

network with epoxy and glass fiber networks, (also shown in Figure 3.11) contributes to enhanced 

mechanical strength observed in the composites.  

 

Figure 3.3. (a), (b): FTIR spectra of EGFPs synthesized, with the incorporation of different levels 

of nanofillers derived from two precursors, bituminous coal (BC) and graphite (Gr), and (c): FTIR 

spectra of nanofillers 

The strong and broad peaks observed between 3319 cm-1 to 2910 cm-1 can be attributed to the 

presence of hydroxy (-OH stretch) groups. The peaks arising between 1598 cm-1 to 1715 cm-1, and 

1438 cm-1 to 1450 cm-1 are attributable to the bending vibrations of C-H bonds in the composite 

material [57]. In the case of B-EGF0.25 composite, the peak at 1598 cm-1 could also be indicative 

of N-H bending vibrations, arising from the presence of N in the microstructure of coal-derived 
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GO, as reported in [42,44]. The peak at 1360 cm-1 in these composites shows the presence of 

phenolic functionality based -OH group. Lastly, the peaks from 1234 cm-1 to 1015 cm-1 depict the 

C-O stretching vibration, while those at 820 cm-1, 738 cm-1, and 729 cm-1 are associated with C-H 

bending vibration.  

The observed peaks in the FTIR spectra of BC-GO and Gr-GO provide valuable information about 

the functional groups and molecular bonds present within these nanofillers. In the case of BC-GO, 

the peak at 3400 cm−1 (Figure 3.3c) is attributed to the stretching mode of N−H bond, while peaks 

at 2930 cm−1, 1925 cm−1, and 1706 cm−1 denote stretching vibrations of C−H bonds, C=C=C 

bonds, and C=O bonds, respectively. The presence of N within the inherent structure of coal, 

originating from the degradation of plant matter, is signified by the N-H stretching vibrational 

mode. Moving on to Gr-GO, the peak observed at 3400 cm-1 corresponds to O-H stretch whereas 

the peak at 1620 cm−1 can be attributed to the stretching of C=C bonds within the unoxidized 

graphite component (Figure 3.3c). Furthermore, the peaks at 1727, 1170 and 1050 cm−1 

correspond to the stretching vibrations of C=O bonds in the carboxyl group, the stretching 

vibrations of C−OH bonds in the alcoholic group, and the stretching mode of C-O-C epoxide 

bonds [42]. The FTIR spectra of both the nanofillers provide a better understanding of the 

comparative functional groups present and the possible bonds they tend to make with polymer 

which is further explained in section 3.7. 

3.4.2. Tensile and Flexural properties of EGFP composites reinforced with BC-GO and Gr-

GO nanofillers 

In this section, we investigate the impact of incorporating BC-GO and Gr-GO nanofillers on the 

mechanical behavior of glass fiber-reinforced polymer composites (EGFPs). First, consider the 

tensile strength and tensile modulus data displayed in Figure 3.4a and 3.4b, respectively, for B-

EGF and Gr-EGF with four different loadings ranging from 0.125 phr to 0.75 phr. For both 
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nanofillers, the tensile strength initially increases with an increase in the loading rate, reaching a 

maximum at 0.25 phr. Beyond this optimal, an increase in the loading rate leads to a decrease in 

tensile strength due to agglomeration of the nanofillers. Agglomeration reduces the exposed 

surface area of GO, leading to fewer functional groups available for bonding with the epoxy 

matrix and poorer dispersion of particles in the matrix, thereby reducing the efficiency of stress 

transfer from the matrix to the reinforcing GO. The observed presence of a threshold limit of 

concentration of the nanofillers for optimal strength is similar to that demonstrated in [60] where 

the authors investigated the effect of different levels of concentration of single wall carbon 

nanotubes (SWCNTs) on the thermal, electrical, and mechanical properties of epoxy-SWCNT 

composites. Notably, the incorporation of BC-GO leads to a relatively higher increase in tensile 

strength (22.9 %) compared to Gr-GO (9.3 %) at the optimal loading of 0.25 phr. Additionally, the 

tensile modulus for both BC-GO and Gr-GO is also higher than that of EGFP, see Figure 3.4b, it 

being 31.5 % for B-EGF0.25, and 28.6 % for Gr-EGF0.25. However, as the numbers indicate, the 

relative advantage in the tensile modulus of BC-GO over Gr-GO is much smaller than the 

improvement observed for the tensile strength.  

 

Figure 3.4. Histograms representing a) Tensile strength, and b) Tensile modulus of GO reinforced 

EGFP composites 
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Figure 3.5 displays the data for flexure strength and flexure modulus of the EGFP composites with 

BC-GO and Gr-GO at different loadings. Similar to tensile properties, the maximum gains in 

flexural strength and flexure modulus were observed at a loading of 0.25 phr for both BC-GO and 

Gr-GO. Among the two GO-based composites, B-EGF exhibited the highest increase in flexural 

strength (38.9 %) compared to a 28 % increase for Gr-EGF0.25 over the flexural strength of EGFP. 

Similarly, the flexural modulus showed an increase of 30.8 % for B-EGF0.25 and a 26.7 % increase 

for Gr-EGF0.25, both as compared to EGFP. Increasing the filler concentration in the composites 

results in an increase in both tensile and flexural strength, attributed to the reinforcing effect where 

the filler particles effectively share the applied load. However, this effect is more pronounced 

when there is good adhesion and interaction between the filler and the matrix material at an 

optimal concentration. Notably, the changes in the composites’ tensile and flexural strength with a 

change in the filler percentage depend on a complex interplay of various factors including the 

filler type, filler-matrix interaction, and the level of dispersion.  

 

Figure 3.5. Histograms representing a) Flexural strength, and b) Flexural modulus of GO 
reinforced EGFP composites 
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3.4.2.1. The effect of particle size: To gain a deeper understanding of the observed behavior, we 

measured the particle size distribution of BC-GO and Gr-GO using Dynamic Light Scattering 

(DLS). Particle size is one of the critical factors influencing the mechanical properties of such 

composites, see, for example, a comprehensive review, by Fu et al. [61]. The authors emphasized 

the significant role played by particulate size, in addition to the impact of particle/matrix interface, 

and particle loading, in determining the mechanical behavior of composites. The particle size 

distributions for BC-GO and Gr-GO are shown in Figure 3.6a and 3.6b, respectively. As indicated 

there, the mean particle size of BC-GO is 0.29 µm, while Gr-GO possesses a larger mean size of 

5.18 µm. The larger particle size in Gr-GO can be attributed to the presence of sheets with greater 

lateral dimensions. 

 

Figure 3.6. DLS graphs of BC-GO and Gr-GO 

The relatively narrower size distribution of BC-GO facilitates its more uniform dispersion within 

the epoxy network. In alignment with [61], our data indicates that all the mechanical properties of 

composites are influenced by the interplay among three factors: particle/matrix interface, particle 

loading, and particle size, with the specific interaction being different for each property. For 

instance, they noted that particle size has a more pronounced effect on tensile strength than on 
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tensile modulus, as is also observed in our data in Figs. 4a and 4b, which show that the relative 

gain in tensile modulus is not as significant as that for tensile strength. Further, there is a critical 

particle size above which there is no further effect of the particle size on the composite modulus 

[61]. The particle distribution data shown in Figure 3.6a and Figure 3.6b for the BC-GO and Gr-

GO, respectively, suggests that for both GO fillers, the particle size may be above the critical 

value, confirming the minimal observed effect of particle size on the composite modulus. It is 

worth noting that the magnitude of this critical particle size is difficult to predict apriori since it 

depends on the particulars of the particle, matrix, and particle-matrix adhesion [61].  

For the tensile strength, on the other hand, the smaller particle size in BC-GO promotes strong 

interfacial adhesion, which contributes to effective stress transfer from the matrix to the nanofiller, 

thereby increasing the strength as compared to Gr-GO, which possesses bigger particle size than 

BC-GO. Interestingly, in a recent study by Siraj et al. [62] in which the authors investigated the 

impact of two particle sizes (5 µm and 25 µm) of silica particles in high-density polyethylene 

(HDPE)-based composites, they drew different conclusions from their data. For the composite 

material developed with a 25µm filler size, an improvement in mechanical properties was 

observed as the concentration of silica particles increased from 0 to 20 %, beyond which there was 

a degradation in improvement, attributable again to the agglomeration of particles, which is 

consistent with our data as well as of other investigators [61]. However, for the 5 µm filler size, 

the authors did not observe any improvement as the concentration of silica particles was increased 

from 0 to 20 %. This suggests that for the smaller particle size filler, the critical value for 

maximum improvement in mechanical properties might be at a lower concentration, which was 

not explored in their experiments.  

In summary, the particle size of the GO fillers plays a crucial role in determining the mechanical 

properties of fiber-reinforced polymer composites. Smaller nanofiller particle sizes, as observed in 
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BC-GO, have the potential to enhance the mechanical properties by a combination of 

reinforcement effect, filler-matrix interaction, and particle packing density. 

3.4.2.2 Role of functional groups: Apart from particle size, the presence of functional groups on 

the GO fillers also impacts the mechanical properties of the GO-based composites. This effect is 

particularly significant for coal-GO, which possesses abundant functional groups that improve the 

adhesion between the oxygen-related functional groups on GOs and the epoxy resin and hardener. 

The dispersion of BC-GO in the epoxy matrix is better, which results in a larger surface area being 

available for bonding between the polymer and filler. The combined effect is to enhance better 

stress transfer between the filler, GO, and the epoxy matrix. This mechanism is explained in more 

detail in Section 7.  

 

Figure 3.7. a) Impact strength of different synthesized EGFP composites b) Compilation of the 

mechanical properties of best-suited compositions of different nanofillers in FRPs 

3.4.3 Impact Strength of B-EGF and Gr-EGF Composites 

To complete our study of the effect of BC-GO and Gr-GO fillers on the mechanical properties of 

their composites with EGFP, we present in Figure 3.7a, the impact strength of all the composites, 
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with or without nano reinforcements, to determine their load-bearing capacity under sudden 

loading conditions. The relative increase in impact strength of B-EGF0.25 and Gr-EGF0.25 over that 

of EGFP was assessed to be 21.6 % and 6.8 %, respectively. The exfoliated layers of both the 

graphene oxide in EGFP composites serve as crack inhibitors and create a complex pathway for 

crack propagation, resulting in enhanced impact strength at 0.25 phr concentration. However, as 

with the other mechanical properties discussed above, when the concentration of BC-GO and Gr-

GO in EGFP composites increases beyond the optimized value, the fillers act as sites of stress 

concentration, leading to a decrease in the impact strength [63]. As before, the smaller particle size 

of BC-GO (Figure 3.6) also contributes to the improved impact strength of B-EGFP composite as 

compared to Gr-EGFP, because at the same concentration loading, there will be a greater number 

of small particles to suppress the crack progression as compared to large particles. For 

convenience, the mechanical properties of the optimized compositions of BC-GO and Gr-GO in 

the EGFP composites are graphically presented in Figure 3.7b.  

3.5. SEM images of fractured surfaces of FRP composites 

SEM analysis was conducted to examine the fractured surfaces of impact samples and study 

dispersion and compatibility—the two major factors that govern the interaction between glass 

fiber and the epoxy polymer matrix [64,65]. The SEM micrograph of the control sample (glass 

fiber and epoxy composite without GOs) displayed in Figure 3.8a, b shows pulled-out fibers from 

the matrix. A few large gaps between the fibers and the epoxy matrix are observed, indicating 

weak interfacial adhesion. The poor bonding between the fiber and the matrix contributes to large 

fiber pull-out, ultimately leading to reduced resistance to fracture. Thus, when stress is applied, the 

fibers easily detach from the matrix, resulting in the formation of some voids and leading to an 

uncomplicated fracture of the material. Because of the weak interfacial adhesion, a relatively low 

load is required for deformation. In other words, EGFPs without GO fillers have low strength [19]. 
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On the other hand, the composites showing higher impact strength (B-EGF0.25, and Gr-EGF0.25), as 

shown in Figure 3.8c and 3.8d, the failure specimens exhibit reduced fiber pull-out, indicating 

higher stress transfer between the fiber and the matrix, thereby contributing to higher strength.  

 

Figure 3.8. SEM micrographs of the fractured surfaces of impact strength specimens of EGFP 

composites: a,b) EGFP, c) B-EGF0.25, and d) Gr-EGF0.25 

The basic mechanism of increase in the impact strength of polymer matrix reinforced with nano-

filler is well understood and can be described as follows. During the initial stage of deformation, 

when a crack propagates in the composite material, it encounters multiple nanofillers and fiber-

matrix interfaces that hamper the propagation of the crack. This resistance from fillers compels the 

crack to alter its direction, thereby, elongating the crack. Alternatively, the crack may also cause 

the fillers themselves to get splintered or fractured when it propagates through the material. This 
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process requires a large amount of energy [66,67]. In addition, the integration of nanofillers in 

glass fiber-reinforced epoxy-based composites results in a synergistic effect between the fillers 

and the glass fibers, leading to a substantial increase in the tensile and flexural properties of the 

composite material.  

 

Figure 3.9. SEM micrographs of the fractured surface of impact strength specimens of EGFP 

composites a-b) B-EGF0.75 c-d) Gr-EGF0.75  

We also wanted to use SEM micrographs in support of our argument that beyond the optimal 

concentration of BC-GO and Gr-GO in the composites (for instance, 0.75 phr), a decrease in 

mechanical properties is attributable to particle aggregation and poor bonding. However, clear 

identification of GO in the polymer matrix from the SEM micrograph is more difficult as 

compared to other fillers such as CNTs and CNFs, which possess cylindrical morphology. We, 
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therefore decided to analyze GO dispersion in terms of the size of agglomerates. From the SEM 

micrographs in Figure 3.9, it can be predicted that the size of aggregates is much bigger at higher 

filler loadings (0.75 phr) than the ones observed at lower filler loadings. Therefore, it can be 

concluded that up to the optimized loading of GO, GO can be well-distributed in the matrix with 

the current processing parameters, and higher addition of GO will lead to agglomeration. The 

SEM studies are consistent with the results obtained for the mechanical properties of different 

polymer composites. 

3.6. TEM analysis of FRP composites 

TEM analysis was also conducted for the optimized composition, and the results are presented in 

Figure 3.10 which shows the TEM micrographs for B-EGF0.25. It can be observed that the 

graphene oxide sheets are apart from each other (encircled in the image) and the spacing between 

the platelets is also non-uniform. This suggests an exfoliated morphology, consistent with the 

results obtained for XRD.  

 

Figure 3.10. TEM micrograph of epoxy-based EGFP composites with 0.25 phr BC-GO (B-

EGF0.25) 
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3.7. Proposed mechanism for the role of functional groups in enhancing the mechanical 

properties of GF-epoxy composites using GO derived from different precursors 

Well-functionalized GO, such as BC-GO, promotes better bonding with glass-fiber and epoxy 

matrix, ultimately leading to improved mechanical performance [68]. For example, the hydroxyl 

functional group of GF undergoes a substitution reaction with the epoxy groups on the GO surface 

at the curing temperature [26], with GO also bonding with epoxy polymer via hydrogen bonding 

[69]. All the possible chemical reactions for bonding between epoxide molecule of epoxy resin 

and various functionalities on GO or GF surface are depicted in Figure 3.11.  

 

Figure 3.11. Polymerization between epoxide group and different types of functional groups on 

GO surface or GF surface 
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Figure 3.12. Mechanism showing the effective bonding among coal-derived GO/epoxy/glass-fiber 

at optimum and higher concentration of nanofiller 

While Figure 3.11 illustrates the role of functional groups on GO or GO surfaces in facilitating 

reactions between various constituents of the composite, in Figure 3.12 we propose a mechanism 

to explain the greater enhancement of mechanical properties with BC-GO at its optimal 

concentration (0.25 phr), Figure 3.12 (a), and degradation in these properties beyond the optimal 
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concentration, Figure 3.12 (b), primarily due to agglomeration. We also posit why BC-GO 

performs better than Gr-GO in enhancing the mechanical properties.  

Consider, for example, B-EGF0.75, beyond the optimal value of GO filler. The agglomeration of 

GO within the system introduces steric hindrance, which leads to fewer GO platelets beyond the 

optimal concentration that can effectively bond with the epoxy. This, in turn, contributes to a 

deterioration in the mechanical properties of the composite. Additionally, the agglomeration of 

graphene oxide platelets reduces the aspect ratio of the filler, which further contributes to the 

degradation in mechanical properties [70].  

In our previous work [42], we presented the mechanical properties of semi-anthracite coal-derived 

GO (AC-GO) in EGFP composites. It was reported that the optimal concentration of the AC-GO 

filler was 0.125 phr rather than 0.25 phr, which has been observed in the case of BC-GO in the 

present study. The difference in the optimum filler content loading between AC-GO and BC-GO 

can be explained based on the difference in particle size distribution calculated from DLS studies 

[42]. The smaller particle size distribution in AC-GO leads to a larger surface area-to-volume ratio 

compared to larger particles of BC-GO, which contributes to achieving better mechanical 

properties of AC-GO based composites at lower concentrations of nanofiller loading in EGFP 

systems as compared to BC-GO. Secondly, AC-GO possesses more functional groups as deduced 

from higher oxygen wt.% in AC-GO, 40.97 % compared to BC-GO, 26.44 % oxygen wt.% (as 

seen in EDX analysis [42]). Therefore, the enhancement in mechanical properties observed in AC-

GO would be maximum at a lower AC-GO loading, since the greater number of functional groups 

can bond in a better way with epoxy resin and hardener. The enhancement in the mechanical 

properties at the respective optimum BC-GO loading in B-EGF composites is more than of AC-

GO based composites. The possible reason for this can be the synthesis method and the influence 

of HNO3 used in the process on the degree of oxidation. During the synthesis of AC-GO, we 
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utilized 16 M HNO3 (for the reaction period of 3 days), while for BC-GO, we used only 5 M 

HNO3 for a reaction time of 5 hours only (much milder conditions). A higher concentration of 

HNO3 leads to a higher degree of oxidation in AC-GO. A similar argument has been substantiated 

by Fan et al. [71], who modulated the oxidation degree in their study to achieve adjustable 

interfaces between GO and the epoxy matrix. They observed that though the dispersion was fine at 

a higher degree of oxidation, yet the tensile properties tend to deteriorate at higher degree of 

oxidation due to impaired modulus and strength of GO sheets. 

As far as the comparison of the performance of BC-GO and Gr-GO as a nanofiller in improving 

the mechanical properties of the composite is concerned, we note that in the case of Gr-GO, the 

formation of epoxide between two neighbouring carbon atoms eliminates the possibility to have 

delocalized π orbitals resulting in the formation of single bonds. Thus, some of the bonds lose 

their stiffness leading to a decrease in Young’s modulus. Similar argument has been reported for 

Gr-GO by [72]. Unlike Gr-GO, BC-GO has fewer of these epoxide groups. They possess mostly 

hydroxyl, carboxyl, and nitrogen-based groups on the surface, which as explained earlier, lead to 

enhanced bonding between the glass fiber and the epoxy resin, but fewer epoxide groups [42]. The 

outcome is larger enhancement in mechanical properties in B-EGF composites as compared to Gr-

EGF composites. 

Conclusion 

In this study, we conducted a comprehensive experimental study to assess the impact of 

bituminous coal-derived graphene oxide (BC-GO) and graphite-derived graphene oxide (Gr-GO) 

nanofillers on the mechanical properties of an E-glass fiber and epoxy resin composite (EGFP). 

The key takeaways from this study are: 
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The results clearly demonstrate that the incorporation of BC-GO and Gr-GO as nanofillers in 

EGFP significantly improves the effective bonding and strength of the glass fiber/matrix interface, 

as is evident from SEM micrographs, leading to overall improvements in mechanical properties.  

Significant enhancements were observed in EGFPs reinforced with BC-GO at a loading of 0.25 

phr (B-EGF0.25). These are a 38.9 % increase in flexural strength, a 22.9 % increase in tensile 

strength, and a 21.6 % increase in impact strength. In comparison, the improvements for EGFPs 

reinforced with Gr-GO (Gr-EGF0.25) are 28 %, 9.3 %, and 6.8 %, respectively. Both the tensile 

modulus and flexural modulus for B-EGF0.25 and Gr-EGF0.25 GO surpassed those of EGFP, with 

an increase of 31.5 % and 30.8 % for B-EGF0.25 and 28.6 % and 26.7 % for Gr-EGF0.25, 

respectively. 

 DLS and FTIR studies showed that BC-GO possesses much smaller particles and abundant 

functionalities compared to Gr-GO, which contribute to a greater improvement in the mechanical 

properties of BC-GO based composites. These findings are significant as they offer insights into 

the design and optimization of an important class of composites, specifically GFRPs. Proper 

selection of a precursor and careful control of nanofiller concentration can yield nanocomposites 

with superior mechanical properties—critical for various industrial applications in the aerospace, 

marine, sports equipment, and defense sectors. 

We anticipate that the promising results of our research will stimulate further exploration of 

different precursors, including other ranks of coal, biomass, along with various other polymers, 

thereby facilitating the development of cost-effective and environment-friendly advanced 

composite materials with tailored properties for a wide spectrum of industrial applications. 

Moreover, an additional facet that merits exploration within the scope of our current research is 

rheological studies. Conducting rheological analysis can shed light on the curing and curing 

kinetics of these composites, thereby facilitating better control over the manufacturing process. 
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Ultimately, this can lead to the development of composites with superior properties for practical 

applications. 

 In the next chapter, we follow up the similar protocol and study the synergistic performance of 

two different nanofillers, namely halloysite nanotubes (HNT) clay and multiwalled carbon 

nanotubes (MWCNT), in conjunction with a fixed concentration (0.125 phr) of semi-anthracite 

coal-derived graphene oxide (AC-GO) on enhancing the mechanical properties of E-glass fiber 

reinforced epoxy resin composites (EGFPs). 
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Chapter 4. Enhancement in Mechanical Properties of GFRP-Coal-
derived Graphene Oxide Composites by Addition of Multiwalled Carbon 
Nanotubes and Halloysite Nanotubes: A Comparative Study 

 

 

 

Highlights 

 GO-H demonstrates superior mechanical performance comparable to GO-C in 

EGFPs. 

 0.50 phr HAGRP improves 18.3% flexural, 14.6% tensile, 1.8% impact strengths. 

 Beyond 0.50 phr HAGRP and 0.25 phr CAGRP, mechanical properties were 

decreased.  

 XRD, FESEM, FTIR revealed strong interfacial adhesion between nanofillers and 

epoxy. 
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4.1. Introduction 

Over the past few decades, extensive research has been conducted on fiber-based polymeric 

nanocomposites in response to advancements in materials development and their potential 

applications in various domains [1], including but not limited to structural components of aircrafts, 

wind blades, marine, and sports equipment [2]. Composite materials, utilizing advanced material 

preparation techniques, optimize properties by the synergy of two or more material components 

with distinct properties, resulting in the creation of multiphase solid materials [3][4]. The 

remarkable characteristics of fiber-based composite materials, such as their lightweight 

composition, high strength, corrosion resistance, and exceptional durability, have garnered 

significant interest within the scientific and engineering community. 

The exceptional performance of polymer matrix composites reinforced with E-glass fiber has been 

extensively acknowledged and supported by documented evidence. Among thermosetting 

polymers, epoxy resins have emerged as the predominant choice for high-performance 

applications, including fiber-reinforced composites, coatings, structural adhesives, and various 

other engineering applications. Epoxy resins are distinguished by their outstanding mechanical 

and thermal properties, remarkable chemical and corrosion resistance, minimal curing shrinkage, 

and adaptability to diverse processing conditions [5]. Nevertheless, the inherent rigidity and 

brittleness of highly cross-linked epoxy resins hinder their applicability in various end-use 

applications, particularly as structural materials, due to their poor crack resistance [6]. To address 

these challenges, the industry uses several nanofillers in fiber-based composites to transfer the 

stress from the matrix to the nanofiller by adding a small concentration of nanofillers, thereby 

enhancing their mechanical properties [7,8]. 

Among different nanofillers, carbon nanotubes (CNTs) have been extensively explored as a 

versatile reinforcement material in polymer matrices due to their exceptional mechanical, 

electrical, and thermal properties [9][10][11]. For example, they have been used to synthesize 
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Multi-Walled Carbon Nanotubes Glass Fiber Reinforced Polymer (MWCNT-GFRP) composites, 

which find specific applications in aircraft fairing skins, crucial for achieving streamlined surfaces 

and reducing drag, and closing gaps in aircraft components. These nanocomposites are also 

employed in wind farms to effectively absorb radar and radio frequency microwave energy [12]. 

Mahato et al. [13] conducted a study to assess the impact of adding MWCNTs at different 

concentrations (0.1, 0.3, and 0.5 wt.%) into GFRP composites, with a focus on elucidating the 

tensile behavior under varying crosshead speeds (1, 10, 100 mm/min). The results showed that the 

tensile strength steadily increased with an increase in the concentration of MWCNTs from 0.1 to 

0.3 wt.% for all crosshead speeds, reaching an optimum at 0.3 wt.%. However, upon further 

addition of MWCNTs, extending to 0.5wt.%, there was a slight decrease in tensile modulus, 

attributable to the clustering of MWCNTs in the polymer matrix. In a study by Yip et al. [14], 

MWCNTs-GFRP composite laminates were created using ultrasonication and the hand lay-up 

method. The aim was to investigate the interlaminar shear strength (ILSS) and flexural strength of 

composites with varying amounts of MWCNTs. The findings revealed that the mechanical 

properties were optimized when the MWCNT content reached 0.75 percent hundred resin (phr). 

The ILSS exhibited a substantial improvement of 15.7%, and the flexural strength increased by 

9.2%. Zhang et al. [15] investigated the effects of different wt.% of MWCNTs (0.4, 0.75, and 1.1) 

in the epoxy system of pre-stretched GFRP composites, finding that GFRP samples with 0.75 

wt.% of MWCNTs exhibited higher tensile strength with minimal damage. Moreover, GFRP 

samples containing 0.4 wt.% of MWCNTs showed superior flexural strength and failure strain 

compared to the neat GFRP samples. Panchagnula et al. [16] studied the impact of varying 

MWCNT concentrations on the mechanical properties of glass fiber-reinforced plastics, for which 

epoxy resins were modified with different wt.% of MWCNTs: 0.1%, 0.2%, 0.3%, and 0.4%. 

Among the tested samples, the GFRP reinforced with 0.3% MWCNTs exhibited superior tensile 

strength at 242.22 MPa and flexural strength at 332.53 MPa compared to the neat GFRPs (178.05 
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MPa and 238.42 MPa, respectively) without MWCNTs. Additional studies on MWCNT-GFRP 

nanocomposites [17–20], fabricated with varying concentrations of MWCNTs, also demonstrated 

improved mechanical properties when compared to neat GFRP composites. 

Although CNTs show promise as nanofillers in GFRP composites, their high production costs 

have hindered their commercial feasibility [17]. The production of CNTs involves complex and 

specialized manufacturing processes like chemical vapor deposition (CVD) or laser ablation, 

which require sophisticated equipment and precise control over reaction conditions. These factors 

contribute to the high production costs of CNTs [21,22]. Additionally, producing CNTs with 

consistent properties and high purity is still a challenge, which results in a restricted supply 

[23,24]. As a result, the demand for CNTs often exceeds the available quantity, driving up their 

prices.  

Halloysite nanoclay (HNT), characterized by the general chemical formula of 

Al2Si2O5(OH)4.nH2O, is a promising substitute for CNTs [25]. Originating from the prolonged 

weathering of alumina silicates, halloysite is a naturally occurring mineral. It commonly exists as 

fine, tubular structures with specific dimensions, featuring a length range of 300-1500 nm, an 

inner diameter ranging from 15 to 100 nm, and an outer diameter falling within 40-120 nm. Due to 

their high aspect ratio and satisfactory mechanical strength, these tubular halloysite structures 

(HNTs) hold the potential as a cost-effective alternative to carbon nanotubes (CNTs) in 

reinforcing polymers [26]. However, despite these promising attributes, limited studies have 

explored HNT-reinforced E-glass fiber-based epoxy nanocomposites. M. Rajaei et al. [27] 

conducted a study comparing the effects of two nanoclays (halloysite nanotubes (HNT) and 

layered double hydroxide (LDH)) on the fire resistance and mechanical properties of an epoxy 

composite containing ammonium polyphosphate. The results showed that reinforcing with HNT 

nanoclay significantly reduced the heat release of the epoxy resin by 87%. Moreover, HNT 
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exhibited superior tensile properties and was a more cost-effective option compared to LDH 

nanoclay.  

Kim et al. [28] studied the impact of heat-treated HNTs (at various temperatures) on the 

mechanical properties of epoxy resin in a humid environment. The findings indicated that glass 

fiber-reinforced plastic (GFRP) with 0.5 wt.% heat-treated HNTs at 700°C exhibited superior 

resistance to moisture absorption, as well as increased tensile strength and interlaminar shear 

strength. The reinforcement of HNTs in the carbon fiber for improved mechanical behaviour has 

also been reported. In [26], the infusion of HNT into epoxy resin was successfully achieved, and 

these composites were utilized for the impregnation of carbon fiber textiles. At 2 wt.% HNT 

content, the impact strength of the hybrid composite increased by 25%, compared to that of neat 

composite without HNT. Ramamoorthi et al. [29] employed HNTs to augment epoxy glass fiber 

composites and investigated the effect of varying HNT concentrations (1-10 wt.%) on mechanical 

properties. The tensile strength and modulus rapidly increased with an increase in the 

concentration of HNTs, peaking at 4 wt.% HNT, accompanied by 33.71% and 31.01% increase, 

respectively, over those for the neat epoxy/glass fiber composite, A subsequent increase to 10 

wt.% resulted in a decline in these mechanical properties. In [30], the authors presented the 

preparation method for synthesizing composites of HNTs and graphene oxide (GO). The process 

required modifications to the nanofillers (3-chloropropyl trimethoxysilane for chlorinated HNTs 

and ethylenediamine for GO modification) to achieve compatibility for preparing the composite. 

The results showed that the modified HNT/GO composite produced through this innovative 

approach exhibited excellent adsorption capabilities for levofloxacin across the pH range of 1-10. 

Notably, both nanofillers underwent functionalization, HNT using an expensive silane agent, and 

GO through ethylenediamine. 

Hashmi et al. [31] exclusively utilized HNTs to fabricate epoxy-HNT nanocomposites using the 

solution-casting approach. Their investigation of the mechanical behavior of these composites 
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demonstrated that the nanocomposite containing 3 wt.% of HNTs, homogenized through 

ultrasonication, displayed superior mechanical strength as compared to other counterparts within 

this study. Lapcik et al. [32] studied the ductility and plasticity of the HNTs/epoxy composites and 

graphene/epoxy composites, separately. Enhanced ductility was observed in the graphene-based 

nanocomposite samples, with an increase in elongation at break from 0.33 mm (neat matrix) to 

0.46 mm (1 wt.% graphene), representing a 39% increase. Taken together, these studies indicate 

the potential of HNTs as effective nanofillers in GFRP composites to improve their mechanical 

properties.  

In our recent research reported in [33], we utilized semi-anthracite coal-derived GO (AC-GO) 

synthesized through the one-pot method as a nanofiller in the epoxy-based E-glass fiber-reinforced 

GFRP composites. The impact of this addition was substantial, with an 18.35% increase in tensile 

strength and a 30.9% boost in tensile modulus. Similarly, flexural strength and flexural modulus 

recorded improvements of 22.7% and 25.1%, respectively. Even the impact strength experienced a 

modest increase of 6.7% when AC-GO was loaded at 0.125 phr in the GFRP composites. These 

results demonstrate the potential of AC-GO in enhancing the mechanical strength of epoxy-based, 

fiber-reinforced composites. Building upon the existing literature on the reinforcement of GFRP 

composites with MWCNTs or HNTs and leveraging insights from our recent investigation on 

semi-anthracite coal-derived graphene oxide (AC-GO) based GFRP composites for improved 

mechanical strength, we formulated a hypothesis to guide our present study. It centers around the 

question whether the addition of a small amount of AC-GO to HNT-based GFRP composites can 

enhance mechanical properties comparable to those achieved with AC-GO and MWCNT-based 

GFRP composites. Both HNTs and MWCNTs are one-dimensional (1D) nanofillers and possess a 

cylindrical morphology. It is reasonable to postulate that if both nanofillers can deliver similar 

enhancements in the mechanical performance of GFRPs, this could significantly contribute to 
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overcoming the challenges associated with the high cost and limited availability of MWCNTs. 

Notably, HNTs are abundantly available and more cost-effective compared to MWCNTs. 

To test our hypothesis, we systematically characterized and tested the mechanical properties of 

both HNT- and MWCNT-based GFRP composites at various concentration levels of these 

nanofillers. For simplicity, we adopt the following nomenclature scheme throughout this text: ‘x’ 

denotes the varying concentration of HNTs or MWCNTs, followed by ‘H’ for HNTs or ‘C’ for 

MWCNTs, and ‘A’ for AC-GO (maintained at a fixed concentration of 0.125phr in all the 

composites). Accordingly, a GFRP composite is named as ‘xHAGRP’ or ‘xCAGRP’. When 

referring to nanofillers only, they are abbreviated as ‘GO-H’ and ‘GO-C’, with varying 

concentrations of HNT or CNT (ranging from 0.125 phr to 0.75 phr) but a fixed concentration of 

AC-GO (0.125 phr).  

The materials and methods employed to synthesize these composites, their characterization using 

different techniques, and the resulting mechanical properties are detailed in Sections 4.2-4.5. 

Section 4.6 delves into essential insights regarding the interfacial bonding mechanism between 

AC-GO, HNTs, or MWCNTs, and GFRP, while the last section summarizes the key findings of 

our study.  

4.2. Materials and methods 

4.2.1 Materials 

The epoxy resin, Araldite CY 230-1, along with the curing agent Aradur HY 951, was obtained 

from Huntsman Advanced Materials in India. Known for their diglycidyl ether functionality and 

aliphatic amine functionality [34], these materials were blended in a weight ratio of 10:1 to form 

the epoxy resin. Glass fiber mats were acquired from Revex Plasticizers Pvt. Ltd. in India. 

Halloysite nanotubes (HNTs) were purchased from Sigma Aldrich, while Multiwalled carbon 

nanotubes (MWCNTs) were obtained from Reinste Nano Ventures Pvt Ltd in New Delhi, India. 

AC-GO was synthesized in-house using a facile one-pot method [31]. Raw chunks of semi-
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anthracite coal were sourced from coalfields in Kashmir, supplied by SVISPAT Pvt Ltd in Pune, 

Maharashtra, India. Merk provided hydrochloric acid, ethanol, hydrofluoric acid, and nitric acid. 

Double distilled water was utilized to prepare reagents and for washing purposes during the 

experimental procedures. 

4.2.2. Synthesis of coal-derived GO via one-pot method  

The raw coal, initially of nut size, was subjected to ball milling in order to reduce its particle size 

to below 100 µm. To purify the raw coal powder, a solution of acids, 37% HCl, and 50% HF in 

500 ml of distilled water was employed. The resulting mixture was stirred using a magnetic stirrer 

for 36 hours. Following this agitation, the mixture was left undisturbed for 12 hours, resulting in 

the formation of black precipitates settling at the bottom of the beaker. Subsequent to this step, 

three grams of purified coal were oxidized using 16 M HNO3 at a temperature of 120°C for 5 

hours. The resultant solution, containing oxidized Coal-GO, was then neutralized and subjected to 

probe sonication for 4 hours, followed by centrifugation. The resulting AC-GO solution was 

subsequently dried in an oven at a temperature lower than 60°C [33,35]. 

4.2.3. Fabrication of GFRP nanocomposites 

Drawing from our previous work [33], which identified the optimal mechanical properties for AC-

GO at a concentration of 0.125 phr, we fixed this value of the concentration of AC-GO for the 

current investigation and varied the concentration range for HNTs and MWCNTs (0.125 phr - 

0.75 phr) in the E-glass fiber reinforced epoxy (EGFP) composites. Initially, AC-GO along with 

the varying concentrations of HNTs and MWCNTs, was dispersed in the epoxy resin and 

homogenized at 20,000 rpm for 10 minutes, followed by probe sonication at 80% amplitude for 10 

minutes in an ice-bath to allow dissipation of excessive heat. This solution was mechanically 

stirred at 500 rpm for a duration of 10 minutes. The hardener was then introduced, and the 

resulting dispersion was infused into the VARIM (Vacuum Assisted Resin Infusion Molding) 
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mold. Following the procedure outlined in [33][34][36], the VARIM table was cleaned using a 

cleansing agent before coating it with a mold release agent to prevent sticking. Following the 

guidelines set by ASTM standards, two-ply mats were employed for testing tensile and flexural 

properties, while specimens for impact testing were prepared using twelve layers of this mat. To 

ensure uniform resin distribution, a separator cloth was placed on the top layer of the glass-fiber 

mat, followed by a placement of a perforated sheet. A wire-mesh was integrated to enhance resin 

flow, and an infusion pipe was secured over it using a sealant tape. Furthermore, a breather cloth 

was utilized to form a bridge across the wire-mesh to facilitate smooth resin flow. In the 

concluding phase of the manufacturing process, the entire setup was covered with a lamination 

sheet and sealed using sealant tape. To maintain a vacuum pressure of around 1 mbar, a vacuum 

pump was employed during the resin infusion process. This ensured that the fiber mat was 

thoroughly impregnated with the resin. After the infusion, the nanocomposite sheets underwent a 

curing stage, followed by two separate post-curing phases, each lasting 6 hours. The initial post-

curing was conducted at a temperature of 23 ℃, followed by the second at 60 ℃. Figure 4.1 

illustrates the overall protocol and visual representation of the process followed during preparation 

of sheets.  
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Figure 4.1. Schematic representation/camera visuals for the synthesis of GO-H and GO-C based 

EGFP nanocomposites using VARIM 

4.3. Characterization and Mechanical testing 

To assess the properties of nanocomposites comprising AC-GO, HNT clay, and MWCNT with 

EGFP, a range of analytical techniques was employed, including FESEM (Field Emission 

Scanning Electron Microscopy), TEM (Transmission Electron Microscopy), XRD (X-Ray 

Diffraction), and FTIR (Fourier Transform Infrared Spectroscopy). X-Ray Diffraction analysis 

(XRD) was conducted using a PANalytical X-ray diffractometer equipped with Ni-filtered Cu Kα 

radiations (λ = 0.1504 nm). The scanning rate was set at 2 degrees per minute in the 10–90º range, 

with an applied voltage of 45 kV. TEM characterization was performed using a Hitachi (H-7500) 

microscope operating at an acceleration voltage of 110 kV. Fractographic analysis of fractured 

composite samples was conducted using a ZEISS field emission scanning electron microscope 

(FESEM) with an accelerating voltage of 5 kV. To analyze the functional groups, present in 

different concentrations within the prepared composites and identify any chemical modifications 
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resulting from the addition of AC-GO/HNTs or MWCNTs, a Shimadzu FTIR spectrophotometer 

(IRTacer-100) was employed. FTIR analysis was conducted by scanning the range of 400-4000 

cm-1. Particle size distribution measurements of the dispersed graphene oxide in deionized water 

were performed using a dynamic light-scattering method (DLS) with the Zetasizer instrument 

from Malvern. The composite specimens for mechanical testing, including impact, tensile 

strength, and flexural strength were prepared following the guidelines outlined in ASTM D 256–

02, ASTM D 3039, and ASTM D 790–02, respectively. The tensile strength and flexural strength 

of the composites were assessed using a Universal Testing Machine (UTM) manufactured by 

Zwick/Roell in Germany. For impact testing, a Tinius Olsen impact tester (model-IT504) was 

utilized. To ensure reproducibility, five specimens were prepared and tested for each strength 

property in all the composites. 

4.4. Results and Discussion 

4.4.1 XRD and FTIR of EGFP nanocomposites 

The XRD patterns for different nanofillers, HNT clay, CNT, and AC-GO along with EGFP 

(without nanofiller) are shown in Figure 4.2a. The peak at 2θ (002) = 23.90 corresponds to the 

crystalline carbon and the other peak at 2θ = 42.30 in AC-GO represents the plane reflection of 

graphite (100) [33]. MWCNTs exhibit the typical peaks at 2θ = 25.80 and 42.70, corresponding to 

the graphite (002) and (100) reflections [37].  
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Figure 4.2. XRD spectra of various synthesized coal-derived GO, HNT, CNT, and EGFP 

composites. 

The XRD pattern of the halloysite exhibits well-defined diffraction peaks, indicative of the 

crystalline nature of the HNT clay. This XRD pattern was matched and indexed to the ICDD 

(International Centre for Diffraction Data) 00-029-1487, which is associated with metahalloysite 

or aluminium silicate hydroxide. The diffraction peaks observed at 2θ values of 12.00, 20.30, 24.60, 

35.10, 38.00, 54.70, and 62.50 correspond to the (001), (100), (002), (110), (003), (210), and (300) 

crystallographic planes, respectively. The presence of the (001) peak at 2θ = 12.00 indicates a 

layer spacing of 0.73 nm, characteristic of halloysite with a 7 Å layer structure. The dehydrated 

state of the material was further confirmed by the appearance of the (100) diffraction peak at 2θ = 

20.30, corresponding to a layer spacing of 0.43 nm. In its hydrated form, halloysite exhibits a layer 

distance of 10 Å. However, upon dehydration, which is an irreversible process, the layer distance 

reduces to 7 Å. This is characteristic of tubular halloysite similar in morphology to MWCNT [38]. 
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Conversely, in the absence of any nano reinforcement, the X-ray diffraction (XRD) spectrum of 

EGFP exhibits a distinct diffraction peak at 2θ = 19.020, which is attributed to the presence of 

residual crystalline silica within the composite material. As no other recognizable diffraction 

peaks were detected in the EGFP composite, it can be inferred that the composite, without the 

nanofiller, possesses an amorphous structure. Additionally, the absence of identifiable peaks 

without nanofillers indicates a homogeneous distribution of glass fibers throughout the matrix 

[39].  

The XRD diffractograms of CAGRP and HAGRP composites (Figure 4.2b) for 0.125 phr of AC-

GO (fixed) and different concentrations of HNTs or MWCNTs), when compared with that of 

EGFP alone (Figure 4.2a), clearly show no other distinct peaks corresponding to the crystalline 

planes of the respective HNTs or MWCNTs or AC-GO. This implies that the incorporation of 

nanofillers does not influence the degree of crystallinity of the corresponding EGFP composites 

[40]. The consistent presence of an identical peak in all EGFP composites, suggests that the 

morphology of the reinforced EGFPs is predominantly exfoliated. This observation holds true 

regardless of the specific composition or type of nanofiller employed. 

The FTIR spectra of cured epoxy/glass fiber composites with AC-GO and HNT or CNT (different 

loadings) are shown in Figure 4.3. Figure 4.3a shows the FTIR spectra for different nanofillers 

used in the EGFP composites. In the synthesized AC-GO, additional functional groups are 

observed. The peaks at 3490 cm-1 and 3468 cm-1 in AC-GO correspond to O-H stretching mode, 

while those at 2983 cm-1, 1913 cm-1, 1710 cm-1, and 1181 cm-1 are attributed to C-H stretching 

vibration, C=C=C stretch, C=O stretching and C-N stretching vibrational mode, respectively. The 

C-N stretch refers to the possession of N in coal’s inherent structure, which is due to degraded 

plant matter. In HNT clay, specific absorption bands at 911 and 3695 cm-1 due to Al–O–OH 

bending and O–H stretching confirm the presence of HNT. A specific in-plane stretching vibration 

in HNT found at 1091 cm-1 and 1032 cm-1 is due to the presence of Si–O–Si [41]. FTIR spectra for 
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CNT didn’t show any oxygen-related functionalities depicting its purity [42,43]. For brevity, only 

the spectra corresponding to the target concentration are presented, as all the peaks were almost 

similar.  

 

Figure 4.3. FTIR spectra a.) different nanofillers used; b, c.) synthesized EGFPs with the 

incorporation of reinforcement material, AC-GO with HNT clay, or AC-GO with MWCNT 

 

Figure 4.4. FTIR spectra of E-Glass fiber/epoxy composite (without any reinforcement) 
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Figure 4.4 shows the FTIR spectra of the EGFP composite without the addition of any nanofiller. 

Notably, the spectra are similar for composites, both with and without the nanofiller. This is due to 

the presence of abundant functional groups, such as epoxides, carbonyls, and hydroxyl in epoxy 

and glass fiber, as well as a significant amount of oxygen-based functional groups in graphene 

oxide, resulting in overlapping peaks. The strong and broad peaks observed between 3319 cm-1 to 

2910 cm-1 can be attributed to the presence of hydroxy (-OH stretch) groups. The peaks arising 

between 1598 cm-1 to 1715 cm-1, and 1438 cm-1 to 1450 cm-1 correspond to the bending vibrations 

of C-H bonds in the composite material. The peak at 1598 cm-1 could also be indicative of N-H 

bending vibrations, arising from the presence of N in the microstructure of coal-derived GO, as 

reported in [33,44].  

The GO obtained from coal has an additional amino group functionality, which would enable a 

much more efficient stress transfer to the epoxy matrix, as compared to GO derived from 

commercially available graphite. The peak at 1360 cm-1 in these composites shows the presence of 

phenolic functionality based -OH group. Lastly, the peaks from 1234 cm-1 to 1015 cm-1 depict the 

C-O stretching vibration, while those at 820 cm-1, 738 cm-1, and 729 cm-1 are associated with C-H 

bending vibration. 

4.4.2 Tensile and Flexural properties of EGFP composites reinforced with AC-GO and HNT 

clay or MWCNT nanofillers 

In this section, we investigate the effect of incorporating AC-GO with HNT clay (GO-H) and AC-

GO with MWCNT (GO-C) nanofillers on the mechanical behavior of glass fiber-reinforced 

polymer composites (EGFPs). First, consider the tensile strength and tensile modulus data 

displayed in Figures 4.5a and 4.5b for HAGRP and CAGRP with four different loadings of HNT 

or MWCNT ranging from 0.125 phr to 0.75 phr, with AC-GO fixed at 0.125 phr. For both GO-H 

and GO-C, the tensile strength initially increases with an increase in the loading rate, reaching a 

maximum at 0.50 phr for HNT and 0.25 phr for MWCNT. Beyond these optimal values, a further 
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increase in the loading rate led to a decrease in tensile strength due to agglomeration of the 

nanofillers. Agglomeration reduces the exposed surface area of GO-H and GO-C, leading to fewer 

functional groups available for bonding with the epoxy matrix and poorer dispersion of particles in 

the matrix, thereby reducing the efficiency of stress transfer from the matrix to the reinforcing 

GO-H and GO-C [45].  

Notably, the incorporation of GO-H leads to a comparable increase in tensile strength (14.6%) at 

the optimal loading of 0.50 phr; for GO-C, this increase is 18.7% at the optimal loading of 0.25 

phr. Additionally, the tensile modulus for both GO-H and GO-C is also higher than that of EGFP, 

see Figure 4.5b, it being 26.8% for 0.50 HAGRP, and 33.8% for 0.25 CAGRP. Interestingly, as the 

numbers indicate, the relative advantage in the tensile modulus of GO-H and GO-C is distinctly 

higher than the improvement observed for the tensile strength. This increase in tensile modulus 

can be attributed to the strong H-bonding interactions between the different nanotubes and AC-GO 

and their varying dispersion in the matrix which synergistically affect the overall moduli. Coleman 

et al. [46] reported that the modulus increase is maximized with the use of small-diameter multi-

walled nanotubes (MWNTs). These materials tend to have a large surface area per unit volume 

which results in very good load transfer to the nanotube network. Single-walled nanotubes 

(SWNTs) are deemed unsuitable for composite reinforcement due to dispersion challenges leading 

to bundle formation [47]. HNTs have stronger bonding with AC-GO due to the additional 

advantage of possessing functional groups over their surface. Also, they possess weak tube-tube 

interactions owing to their better dispersion in the matrix, thereby mitigating bundle formation 

issues. Better dispersion and interactions synergistically lead to better load transfer from the 

matrix to the nanofiller, resulting in enhanced stiffness and consequently, a higher tensile 

modulus. 
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Figure 4.5. a,b) Tensile strength, and c,d) Tensile modulus of GO-H (AC-GO/HNT) and GO-C 

(AC-GO/MWCNT) reinforced EGFP composites 

Figure 4.6 displays the data for flexural strength and flexure modulus of the EGFP composites 

with GO-H and GO-C at different HNT or MWCNT loadings, with a fixed AC-GO concentration. 

Similar to tensile properties, the maximum gains in flexural strength and flexure modulus were 

observed at a loading of 0.50 phr for HNT and 0.25 phr for MWCNT. Among the two GO-based 

composites, GO-C exhibited the highest increase in flexural strength (40.3%) compared to an 

18.3% increase for GO-H over the flexural strength of EGFP. Yip et al. [14] synthesized the 

fabrication of CNTs/GFRP composite laminates using ultrasonication and the hand lay-up method 

to investigate interlaminar shear strength (ILSS) and flexural strength. At 0.75 phr of CNTs in the 

composite system, the ILSS was significantly improved by 15.7%, and flexural strength improved 
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by 9.2%. In our study, the addition of GO-C enhances the flexural strength by 40.3%, highlighting 

the combined effect of AC-GO and MWCNT. Also, Panchagnula et al. [16] observed that the 

flexural strength of MWCNT-GFRPs increased from 238.42 MPa (Neat GFRP) to 332.53 MPa 

(nearly 39.41%) with the addition of 0.3% of MWCNTs. Significantly, the flexural modulus was 

higher for GO-H, 38.9% than 28.6% for GO-C, both as compared to EGFP. Bozkurt et al. [48] 

conducted a study to assess the impact of clay incorporation, specifically Montmorillonite (MMT) 

and organically modified Montmorillonite (OMMT), on the mechanical and thermal properties of 

epoxy-clay GFRP nanocomposites. They varied the clay concentration at levels of 1%, 3%, 6%, 

and 10% by weight. The tensile modulus exhibited minimal variation with the addition of both 

MMT and OMMT, remaining relatively constant up to a clay concentration of 6%. In terms of 

tensile strength, there was a slight improvement observed in MMT/epoxy composites compared to 

OMMT/epoxy composites. For flexural properties, both flexural strength and modulus increased 

with the addition of clay, with more pronounced enhancements observed in the OMMT-based 

composites. Interestingly, the introduction of OMMT led to an increase in the fracture toughness 

of GFRP nanocomposites, while the presence of MMT had the opposite effect, decreasing fracture 

toughness. 

Most of the literature emphasizes the need for functionalization for HNTs and CNTs to enhance 

their mechanical properties. In our study, the addition of a small concentration of AC-GO to HNT 

enhanced the mechanical performance comparative to CNTs. Increasing the filler concentration in 

the composites resulted in a rise in both tensile and flexural strength, attributed to the reinforcing 

effect where filler particles efficiently distribute the applied load. The impact is more significant 

with optimal adhesion and interaction between the filler and the matrix material. Variations in 

tensile and flexural strength due to alterations in filler percentage hinge on a complex interplay of 

factors such as filler type, filler-matrix interaction, and the degree of dispersion.  
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The modulus of the particulate composite depends on the relative magnitude of the particle size. 

There exists a critical particle size beyond which the composite modulus remains unaffected. 

Below this critical size, the impact on composite modulus is more substantial. The specific value 

of this critical particle size cannot be predetermined, as it depends on the particle, matrix, and 

particle/matrix adhesion. Aligning with [49], we decided to rule out the effect of particle size on 

modulus. Nevertheless, comparing the relative values for modulus and strength, we observed that 

flexural modulus was higher for GO-H than flexural strength. This can be attributed to the well-

aligned HNT and AC-GO nanoparticles in the direction of stress where they can contribute more 

to the flexural modulus by resisting deformation in that direction. However, the impact on flexural 

strength might be less pronounced. Also, proper dispersion and distribution of HNT and AC-GO 

within the epoxy matrix are crucial. Uniform dispersion allows for better stress transfer and can 

enhance stiffness, contributing to a higher flexural modulus. In the case of GO-C, the flexural 

strength improves over modulus, highlighting the aspect ratio. Nanofillers with a high aspect ratio, 

such as nanotubes or nanowires, offer superior reinforcement by effectively bridging cracks and 

distributing stress within a matrix. The effect of aspect ratio on the optimal concentration and 

improvement in the properties is detailed in Section 4.6.  

4.4.2.1. Role of interfacial strength in the overall improvement in mechanical properties 

Han et al. [50] reported the introduction of graphene and CNTs into the epoxy resin, resulting in 

improved interfacial miscibility, attributed to the formation of a gradient interface layer between 

the fiber and the matrix. The gradient interface layer proves beneficial to reducing stress 

concentration, delaying crack propagation, and enhancing energy dissipation. It effectively 

redirects the crack path from the fiber surface to the interface area and promotes the transfer of 

stress from the matrix to the reinforcement. We believe this mechanism plays an important role in 

the 40.3% improvement in flexural strength and 18.7% increase in tensile strength observed in the 

case of GO-C based composites. In the case of GO-H based composites, the oxygen-containing 
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functional groups present on the surface of HNT, when decorated with AC-GO, can undergo 

chemical reactions with the polymer matrix, establishing a chemical connection between the fibers 

and the polymer. The carboxyl groups on GO-H, possessing nucleophilic characteristics, induce 

the ring opening of epoxy groups, initiating chemical reactions during the curing process. These 

reactions contribute to the formation of a robust multi-scale reinforced composite interface layer 

between glass fibers and GO-H. This interface layer serves to alleviate stress concentration, 

impede crack propagation, and enhance energy dissipation in the material, thereby contributing to 

the notable improvements observed in GO-H based EGFPs.  

 

Figure 4.6. a,b) Flexural strength, and c, d) Flexural modulus of GO-H and GO-C reinforced 

EGFP composites 
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4.4.3 Impact Strength of EGFP composites reinforced with AC-GO and HNT clay or CNT 

nanofillers 

To complete our study of the effect of GO-H and GO-C fillers on the mechanical properties of 

their composites with EGFP, we present in Figure 4.7, the impact strength of all the composites, 

both with or without nano reinforcements, to assess their load-bearing capacity under sudden 

loading conditions. The impact strength increased slightly by 1.8% for 0.50 HAGRP but for 0.25 

CAGRP, it decreased by 10.5% compared to that of EGFP. It is noteworthy that both of these had 

the highest increase in tensile modulus within their respective categories. 

 

Figure 4.7. a, b) Impact strength of GO-H and GO-C reinforced EGFP composites 

Lingaraju et al. [51] synthesized epoxy-clay GFRPs, incorporating two types of clays (HNTs and 

silica) to study the Izod impact strength of nanocomposites. They observed an 8% improvement in 

impact strength (with a 2.5 mm notch radius) with 2 wt.% HNT, but this enhancement diminished 

beyond this reinforcement level. In alignment with our earlier findings on tensile strength, their 

study reported an 11% improvement in tensile strength on the addition of HNT clay till 3 wt.%, 

which then declined with a further increase in clay content. The reduction in impact strength upon 

the incorporation of GO-C can be attributed to the introduction of defects or weak points in the 
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composite structure. These defects can act as initiation points for cracks, facilitating crack 

propagation under impact loading, and consequently reducing the overall impact strength [52]. 

4.5. FESEM images of fractured surfaces of FRP composites 

FESEM analysis was conducted to examine the fractured surfaces of impact samples, focusing on 

dispersion and compatibility—two major factors that govern the interaction between glass fiber 

and the epoxy polymer matrix. Our examination revealed several noticeable wide gaps between 

fibers and the epoxy matrix, indicating a lack of strong interfacial adhesion. This lack of bonding 

between the fiber and the matrix contributes to a large fiber pull-out upon the application of stress, 

ultimately causing a decrease in the resistance to fracture, and the fibers detaching readily from 

the matrix. This detachment gives rise to the creation of voids, culminating in an uncomplicated 

material fracture. Due to the weak interfacial bonding, the material undergoes deformation under 

relatively low loads. In other words, EGFPs without GO-H and GO-C fillers have low strength 

[53].  

On the other hand, the composites with enhanced tensile strength (0.50 HAGRP and 0.25 

CAGRP) exhibited reduced fiber pull-out, see Figure 4.8a, b. The improved interfacial bonding 

contributed to higher stress transfer between the fiber and the matrix, thereby enhancing strength. 

The fundamental mechanism underlying the enhancement in impact strength of a polymer matrix 

reinforced with nano-fillers is well understood and essentially revolves around impeding crack 

propagation. As deformation initiates and a crack advances within the composite material, it 

encounters multiple nanofillers and interfaces between fibers and the matrix, which collectively 

impede the progression of the crack. The resistance exerted by the fillers forces the crack to alter 

its trajectory, effectively prolonging its path. Alternatively, the crack's advancement through the 

material may also result in the fracturing or splintering of the fillers themselves. This process 

requires a large amount of energy [54,55]. This requirement, coupled with the significant increase 
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in the tensile and flexural properties of the composite material, results in higher impact strength of 

the composites.  

 

Figure 4.8. FESEM micrographs of a,b.) 0.50 HAGRP and 0.25 CAGRP c,d.) 0.75 HAGRP and 

0.75 CAGRP 

 

Figure 4.9. FESEM micrograph of E-Glass fiber/epoxy composite (without any reinforcement) 
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We also utilized FESEM micrographs in support of our argument that beyond the optimal 

concentration of HNT-based HAGRP and CNT-based CAGRP in the composites (for instance, 

0.75 phr for HNT and CNT), a decrease in mechanical properties is attributable to particle 

aggregation and poor bonding. From the FESEM micrographs in Figure 4.8 c, d, it can be seen 

that the size of aggregates is much bigger at higher filler loadings (0.75 phr) than that observed at 

lower filler loadings, indicating agglomeration beyond optimized concentrations.  

Noting that clear identification of GO-H and GO-C in the polymer matrix from the FESEM 

micrograph is quite difficult, we performed EDX analysis and elemental mapping to confirm the 

presence of our nanofillers. The EDX mapping (see Figure 4.10) confirms the presence of C, O 

(from AC-GO or CNT) as well as aluminosilicates (from HNT clay or Glass fiber). 

 

Figure 4.10. EDX mapping of a.) HAGRP composite and b.) CAGRP composite 
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4.6. Proposed mechanism for the role of functional groups and aspect ratio in enhancing the 

mechanical properties of GF-epoxy composites using GO-H and GO-C  

4.6.1. Role of functional groups 

Well-functionalized nanofillers, specifically GO-H and GO-C, play a pivotal role in improving the 

mechanical performance of glass-fiber-epoxy composites by fostering enhanced bonding with 

both the glass fiber and epoxy matrix [52]. Surface silanol groups on HNT are very advantageous 

for different types of functionalization purposes. In our previous work [33], we demonstrated that 

coal-derived GO oxidized using HNO3, contains predominant carboxyl and hydroxyl functional 

groups on the surface. Silano groups on HNT engage in hydrogen bonding with these functional 

groups on the GO surfaces, forming additional interactions through π-π interactions and van der 

Waals forces. In contrast, MWCNTs lack abundant functional groups, as confirmed by FTIR. 

However, van der Waals interactions allow CNTs and GO to physically adsorb onto each other. 

This non-covalent interaction allows for the formation of hybrid structures where CNTs can be 

coated or decorated with GO sheets. In other words, AC-GO can be used as a platform for 

functionalization of CNTs. By attaching functional groups to GO, the dispersion and compatibility 

of CNTs within the epoxy are enhanced. Also, the π-π interactions between the aromatic rings of 

CNTs and AC-GO can facilitate the dispersion of CNTs on GO sheets or vice versa. These 

interactions contribute to the stability of hybrid structures and help prevent aggregation in the 

epoxy matrix.  

Furthermore, GO-H and GO-C nanofillers with surface-exposed hydroxyl, carboxyl, and a few 

epoxides interact dominantly with the epoxy matrix as well as glass fiber through hydrogen 

bonding. Stronger and more stable interactions with epoxy and glass fiber, particularly when HNT 

is decorated with AC-GO, contribute to the composite’s superior strength compared to GO-C.  
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4.6.2. Role of the aspect ratio of nanofillers 

The aspect ratio of these nanofillers (ratio of length to diameter) is another key factor in 

determining how they influence the composite's mechanical behavior [56]. Nanofillers with high 

aspect ratio nanofillers, such as nanotubes or nanowires, provide enhanced reinforcement due to 

their ability to bridge cracks and distribute stress more effectively within a matrix. In our study, 

we have observed that GO-C exhibits its peak mechanical properties at 0.25 phr of CNT, whereas 

GO-H excels at 0.50 phr of HNT.  

This enhanced performance of the two nanofillers may be attributed to the difference in their 

aspect ratios, with CNT and HNT possessing aspect ratios of 0.5 and 0.04, respectively. Relatively 

higher aspect-ratio CNTs contribute to improved mechanical properties by effectively transferring 

loads along their length [57]. Therefore, GO-C even at a lower nanofiller loading in EGFPs i.e., 

0.25 phr of CNT, shows comparable mechanical enhancement to GO-H, whose optimal loading is 

0.50 phr. 
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Figure 4.11. Mechanism showing the effective bonding among GO-H or GO-C/epoxy/glass-fiber 

at their optimum concentrations, respectively. *Note that we have shown the general mechanism 

for GO-H and GO-C together in the same epoxy cured structure, though we have conducted a 

separate investigation for both nanofillers based composites 
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In Figure 4.11, we propose a mechanism to explain the greater enhancement of mechanical 

properties observed with GO-H at its optimal concentration (0.50 HAGRP), Figure 4.11 (a). The 

subsequent decline in these enhancements beyond the optimal concentration, Figure 4.11 (b), 

primarily stems from agglomeration effects. The agglomeration of GO-H and GO-C in the 

composite induces steric hindrance, which leads to fewer GO platelets available to form a bond 

with epoxy at concentrations exceeding the optimum. This limitation, in turn, may contribute to 

the deterioration of the mechanical properties of the composite [54]. Additionally, the 

agglomeration of GO-H and GO-C reduces the aspect ratio of the filler, which further contributes 

to the degradation in mechanical properties [58]. 

Conclusion 

In this extensive investigation, we conducted a comprehensive experimental study to evaluate the 

collective impact of GO-C and GO-H nanofillers on enhancing the mechanical properties of E-

Glass fiber epoxy resin polymers, where GO-C and GO-H, denote the combinations of coal-

derived graphene oxide with multiwalled carbon nanotubes (MWCNTs) combination, and 

halloysite nanotubes (HNT). These results were systematically compared with a control composite 

comprising E-glass fiber and epoxy resin (EGFP) without any nanofiller. The key conclusions of 

our study are as follows:  

 Enhanced Mechanical Properties: The incorporation of GO-H and GO-C as nanofillers in 

EGFP significantly improves the effective bonding and strength of the glass fiber/matrix 

interface, as evident from SEM micrographs, leading to overall improvements in 

mechanical properties. The extent of these enhancements depends on the interplay of 

particle loading and particle-matrix adhesion.  

 Optimal Filler Concentration: There is an optimal threshold concentration of the GO filler 

(0.50 phr for GO-H and 0.25 phr GO-C with a fixed concentration of 0.125 phr of AC-
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GO), beyond which the mechanical properties decrease significantly due to particle 

aggregation, resulting in reduced available bonding sites for functional groups and reduced 

aspect ratio, ultimately leading to lower reinforcement efficiency.  

These findings are significant as they offer insights into the design and optimization of an 

important class of composites—GFRPs. The proper selection of nanofiller and careful control of 

nanofiller concentration can yield nanocomposites with superior mechanical properties—critical 

for various industrial applications in aerospace, marine, sports equipment, and defense sectors. 

We anticipate that the encouraging outcomes from our research will encourage additional 

investigation into diverse precursors, including HNT, MWCNT, and GO, coupled with a variety of 

polymers. This pursuit aims to pave the way for the synthesis of advanced composite materials 

with customized attributes for a broad spectrum of industrial applications, aligning with cost-

effectiveness and environmental sustainability. 
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Take-aways and Future Perspectives  

Take-aways from the entire work: 

 This thesis primarily focused on synthesizing graphene-based materials through a one-pot 

method and their application as nanofillers in Glass Fiber Reinforced Polymer (GFRP) 

composites to enhance mechanical performance. We conducted a comprehensive experimental 

study with the objective of expanding the recently devised one-pot process for synthesizing 

graphene oxide (GO) from semi-anthracite and bituminous coals, abundant resources in India. 

Another focal point of our investigation was to explore potential applications of GO derived 

from coal and assess its influence as a nanofiller on the mechanical properties of a widely used 

GFRPs. In our subsequent in-depth exploration, we carried out an extensive experimental 

study to assess the cumulative influence of GO-C and GO-H nanofillers on improving the 

mechanical properties of E-Glass fiber epoxy resin polymers. Here, GO-C and GO-H represent 

combinations of AC-GO with MWCNTs (multiwalled CNTs) and HNT (halloysite nanotube), 

respectively. The key take-aways are as follows:  

 The concentration and oxidation time of HNO3 play a critical role in the synthesis of GO from 

coal. We noted that at elevated concentrations of HNO3, bituminous coal exhibited complete 

dissolution. Even at 5 M HNO3 with prolonged oxidation times (> 5 hours), either complete 

dissolution occurred or very low yields were obtained. In the case of semi-anthracite coal 

available in India, with slight adjustments in composition from the sample employed in the 

development of the original process, the initial recipe utilizing 16 M HNO3 and 72 hours of 

oxidation proved to be effective.  

 The introduction of AC-GO (semianthracite coal-derived GO) as a nanofiller in GFRP 

composites led to notable enhancements in their mechanical characteristics. Specifically, there 

was an 18.3% increase in tensile strength and a 30.9% increase in tensile modulus. Likewise, 

the flexural strength and flexural modulus exhibited improvements of 22.7% and 25.1%, 
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respectively. Furthermore, a modest increase of 6.7% was observed in impact strength at a 

loading of 0.125 phr of AC-GO in GFRP composites. EGFPs (E-Glass reinforced polymer 

composites) reinforced with BC-GO at a concentration of 0.25 phr exhibited noteworthy 

improvements. These include a 38.9% augmentation in flexural strength, a 22.9% increase in 

tensile strength, and a 21.6% enhancement in impact strength.  

 Significant enhancements were evident in EGFPs reinforced with GO-H, featuring an 18.3% 

increase in flexural strength, a 14.6% rise in tensile strength, and a marginal uptick in impact 

strength (1.8%) at a loading of 0.50 phr of HNT, while maintaining an AC-GO concentration 

at 0.125 phr. Similarly, optimal values for GO-C-reinforced EGFPs at 0.25 phr included a 

40.3% boost in flexural strength, an 18.7% increase in tensile strength, and a 10.5% reduction 

in impact strength. Importantly, considering that the cost of HNT clay is approximately 15 

times cheaper than industrial-grade MWCNTs, these findings underscore the potential of GO-

H as a very cost-effective reinforcement alternative to GO-C for polymer nanocomposites for 

various industrial applications.  

Future Scope 

The future of graphene oxide-based GFRP composites presents promising avenues for 

advancement and application across various domains. Here are some future directions: 

 Investigating techniques to functionalize graphene oxide or modify its surface to enhance 

compatibility with different matrices can improve overall performance.  

 Integrating coal-derived graphene oxide into GFRP composites for the development of 

smart materials that respond to external stimuli, such as temperature or strain, can open up 

applications in sensing and structural health monitoring.  

 Exploring the incorporation of additional nanofillers or additives alongside graphene oxide 

in GFRP composites to achieve multi-functional properties, such as improved fire 

resistance, antibacterial properties, or self-healing capabilities.  
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 Scaling up production processes of graphene oxide-based GFRP composites and 

facilitating their integration into industrial applications is essential.  

 Research efforts can be directed towards utilizing graphene oxide-based GFRP composites 

for lightweight, high-strength applications in sectors such as aerospace and automotive 

industries, where materials with superior strength-to-weight ratios are highly sought after.  

 Continued research and innovation in these directions can unlock the full potential of 

graphene oxide-based GFRP composites and lead to their widespread adoption in various 

industrial applications. 
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Conferences and Workshops Attended 

 

1. Poster presentation on the topic “Graphene: Synthesis, Functionalization & Its 

Applications” at International e-Conference on Nanomaterials & Nanoengineering APA 

NANOFORUM-2022 February 24-26, 2022. 

2. Oral presentation on the topic “Synthesis of Coal-derived Graphene oxide and Its 

Application in Glass-fiber based Polymer Composites for Improved Mechanical 

Performance” at 1st International Conference on Futuristic Materials for Sustainable 

Development Goals-2024 (FMSDG-2024)- 8-9th, January, 2024.  

3. Attended International Virtual Conference on Modern Instrumental and Characterization 

Techniques in Applied Sciences- 2020 (MICTAS-2020) organized by MIET Kumaon 

Haldwani & Department of Chemistry, H.N.B. Govt. P. G. College, Khatima, Uttarakhand in 

collaboration with USERC DST Dehradun & Department of Chemistry, R.H. Govt. P. G. 

College, Kashipur, Uttarakhand, India on July 5-6, 2020.  

4. Attended DST STUTI workshop on "ADVANCED CHARACTERIZATION 

TECHNIQUES IN CONDENSED MATTER", held in BITS, Pilani from 17 Jan-23 Jan 2023. 

5. Won the Best Poster Award in Poster Presentation Session on CEEMS SCHOLAR’S 

DAY-2024 organized by TIET-VT Center of Excellence in Emerging Materials (CEEMS) on 

15th February, 2024.  

6. Oral presentation on the topic “Synthesis of Coal-derived Graphene oxide and its 

Application in Glass-fiber based Polymer Composites for Improved Mechanical 

Performance” at the International Conference on "Sustainable Development in Chemical and 

Environmental Engineering" (SDCEE) - 22-24, February, 2024.  
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Appendix-I Challenges Encountered During the Ph.D. Journey 

This appendix provides a structured overview of the challenges encountered during the PhD 

journey, offering transparency and insight into my experiences and the resilience demonstrated in 

overcoming these obstacles.  

During the initial phase, there were some challenges regarding the Literature Review.  Firstly, 

difficulty in locating relevant and recent literature due to the vast amount of information available 

and secondly managing conflicting viewpoints and theories within the literature, leading to 

prolonged analysis and synthesis. Creating a comprehensive and detailed table that categorizes 

various precursors, highlights their differences, outlines synthesis methods, compares them, and 

organizes papers by year aids in distinguishing the literature effectively. This approach enhances 

clarity regarding why a specific methodology is being emphasized, facilitating a clearer 

understanding of the research focus. This approach has proven beneficial to me throughout my 

entire journey, yielding fruitful results from beginning to end. 

In the preliminary stages of my research, I aimed to explore the newly developed one-pot 

method tailored for Indian coal varieties. We acquired semianthracite coal from the Kashmir 

coalfield and initially validated the use of a 16 M concentration of HNO3, confirming its efficacy 

akin to its application in US-based anthracite coal. This initial success instilled confidence in the 

method's potential applicability across diverse coal types. Additionally, I obtained another variety 

of bituminous coal from Prof. Amjad Ali's Lab within our Department of Chemistry and 

Biochemistry. To my astonishment, when I applied the identical procedure, it failed to yield the 

expected results. No precipitates were obtained at the initial 16M concentration of HNO3. 

However, upon reducing both the concentration and oxidation time, successful precipitation was 

achieved with a 5M HNO3 concentration over 5 hours. Nevertheless, a significant limitation 

persisted: uncertainty regarding the precise origin of the coal. Through discussions with Prof. 
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Amjad Ali and my supervisors, it was tentatively identified as originating from the North-eastern 

region of India. Typically, sourcing specific coal mines proves challenging. However, Prof. 

Mahajan expressed uncertainty regarding the method's compatibility with different grades of 

bituminous coal, citing diverse experiences from his lab at Virginia Tech., USA. Consequently, I 

obtained another variety of bituminous coal with a slightly altered carbon content. Surprisingly, 

preliminary data indicated an optimal concentration of 14M for 5 hours with this new coal variety. 

Through rigorous experimentation, I concluded that while the use of a single oxidant, HNO3, 

remained constant, the optimal oxidant concentration and oxidation time varied across different 

coal grades. 

Subsequently, when incorporating semianthracite coal-derived graphene oxide (AC-GO) into 

GFRP composites, the optimal concentration for achieving its peak mechanical performance was 

determined to be 0.125 phr. Curious whether further reduction in concentration could enhance 

additional properties, I experimented with a concentration of 0.0625 phr for AC-GO, resulting in 

inferior mechanical properties. This brief example underscores the iterative nature of 

experimentation. Through numerous trials, I refined the concentration for each coal-derived GO 

and graphite-derived GO, facilitating a comprehensive comparison. Additionally, an extensive 

literature review enabled the identification of pivotal factors influencing nanofiller loading and the 

choice of nanofiller in GFRP composites, elucidating their diverse mechanical behaviors. 

Moreover, crucially, instances of data loss stemming from hardware malfunctions require 

considerable efforts for recovery. Thus, it is imperative to prevent such occurrences by 

consistently updating our data. 

However, despite of the several challenges faced, the research work flourished significantly owing 

to the invaluable guidance and support of my supervisors. 


	
	
	
	
	
	
	



