Chapter-6

Conclusion

6.1 Summary of the present research work

>

Three crude 0ils—LCO (Light, 33.4 API, Middle East), MCO (Medium, 21.4 API,
Canada), and EHCO (Extra Heavy, 9.5 API, South America)—were analyzed.
Complete analysis, followed by detailed investigations regarding the chemical
composition were performed for the above-mentioned crude oils.

ASTM D2892 & ASTM D5236 were thoroughly utilized to understand the nature
of the distillates obtained from the crude oil.

Aromatic, Resin, and Asphaltene (ARA) fractions were investigated for the
presence of CCR, density, carbon, nitrogen, and metals.

Heat treatment of Aromatic, Resin, and Asphaltene (ARA) fractions was conducted
in three stages: green carbon (Stage I), calcined carbon (Stage II), and graphitized
carbon (Stage III).

Possibility of dehydrogenative polymerization and dehydrative polycondensation
reactions were studied by elemental analysis, which figured % hydrogen, nitrogen,
sulfur, and oxygen.

Three types of materials such as green, calcined and graphitized carbon were
derived from VRO.

Another set of materials based on graphene oxide, were synthesized by thermal as
well as microwave method.

Optimization of rGO-M synthesis using Box-Behnken Design (BBD) was done.
Thermogravimetric Analysis (TGA) was performed to analyse the thermal stability
of the three types of materials synthesized from VRO.

XRD analysis, Raman spectroscopy, Elemental analysis, Electron microscopy
studies, nitrogen adsorption studies and FTIR were used to assure the formation of
carbon materials.

Effectiveness of Reduced Graphene Oxide in wastewater treatment and oil spill
remediation was also studied to emphasize the utility of the synthesized material in

environmental protection.
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6.2 Conclusions of the present research work

This thesis comprehensively explored the transformation of petroleum-derived heavy
fractions into high-value carbon materials, with a particular focus on reduced graphene
oxide synthesized via microwave-assisted techniques (rGO-M). The research spanned the
characterization of crude oil fractions, synthesis and structural transformation of carbon
materials, and evaluation of their practical environmental applications. The work
demonstrates a significant advancement in both crude oil analysis methodologies and the

development of functional carbon-based materials for environmental remediation.

In the early stages of the research, the development and validation of a refined TLC-FID
analytical method for SARA fraction quantification offered a fast, reliable, and accurate
tool to assess crude oil compatibility and stability. The ability to predict incompatibility
using defined thresholds (CII < 1.0; P > 1.45) has significant implications for the refining

industry, reducing operational risks and improving decision-making in crude blending.

The study also provided deep insights into the molecular and structural features of
Aromatic, Resin, and Asphaltene (ARA) fractions using FTIR, GPC, and NMR techniques.
Heavier fractions were found to exhibit greater heterogeneity, increased aromaticity, and
higher concentrations of heteroatoms and metals. These characteristics have direct
consequences on refining behaviour, asphaltene precipitation, and potential for value-

added product synthesis.

A major outcome of the work lies in the successful synthesis of graphitized carbon
materials from VRO-derived ARA fractions through a three-stage heat treatment process.
The transition from amorphous to graphitic structure was clearly established using XRD,
Raman spectroscopy, and TGA. The findings confirmed the feasibility of producing high-
purity carbon materials (carbon content ~99.99%) with excellent thermal stability and

structural order, independent of the originating fraction type.

The centrepiece of the study was the synthesis and optimization of microwave-assisted

reduced graphene oxide (rGO-M). Compared to thermally reduced rGO, rGO-M exhibited
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superior structural restoration, porosity, and thermal stability. Microwave reduction was
shown to be a highly efficient method for producing high-quality graphene derivatives
with minimal defects, as confirmed by advanced characterization tools such as XRD,

Raman, FTIR, TGA, and electron microscopy.

In environmental applications, rGO-M demonstrated exceptional performance in both
wastewater treatment and oil spill remediation. Its high surface area, hierarchical pore
structure, and active surface functionalities contributed to rapid and efficient adsorption of
pollutants. The material achieved impressive removal efficiencies—up to 85% for total
hardness and 60—61% for TOC in wastewater, and 190 mg/g oil uptake capacity with 95%
efficiency in oil spill simulations. These results clearly illustrate the superior functional

performance of rGO-M over conventional rGO and standard adsorbents.

In conclusion, this research bridges fundamental studies in petroleum chemistry with
applied materials science, offering scalable pathways to convert crude oil by-products into
valuable nano-materials. It lays a strong foundation for future advancements in carbon
material synthesis and their deployment in environmental and industrial applications. The
strategic integration of analytical, synthetic, and application-oriented approaches

underlines the novelty and practical relevance of this work.

6.3 Future Work

» The findings of this research open multiple avenues for continued exploration and
application:

» While the synthesis of high-purity graphitized carbon materials and rGO-M has
been demonstrated at the lab scale, future efforts should focus on process scale-up,
energy efficiency optimization, and economic viability. Microwave-assisted
reduction, in particular, holds promise for industrial-scale graphene production due
to its rapid processing time and minimal energy loss.

» The surface chemistry of rGO-M can be further tailored through chemical or

biological functionalization to enhance selectivity and efficiency in specific
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environmental applications such as heavy metal capture, gas adsorption, or
catalysis.

Incorporating rGO-M into composite materials, membranes, or filtration systems
could significantly enhance the performance of existing water and air purification
technologies. Pilot-scale studies in real-world environmental conditions would be
a logical next step to validate practical feasibility.

Given the high surface area, porosity, and conductivity of the synthesized carbon
materials, future research could explore their application in energy storage systems
such as supercapacitors or lithium-ion batteries, expanding the scope beyond
environmental remediation.

The refined SARA analysis technique developed in this study can be further
applied to a broader range of crude oil types, aiding in better compatibility
prediction, refining strategy design, and selection of optimal feedstocks for carbon
material synthesis.

A thorough life-cycle analysis (LCA) of the carbon material synthesis process from
petroleum fractions would provide insights into the environmental benefits and
trade-offs, guiding sustainable material development strategies.

While this study focused on petroleum-derived fractions, future work could
investigate the conversion of other carbon-rich waste streams (e.g., bio-oil, plastic
waste, or used lubricants) into graphene-based materials using similar

methodologies, promoting circular economy principles.
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HIGHLIGHTS

o tG0-M synthesized using VGO-derived graphite via microwave-assisted reduction.

o r0-M exhibited 136 mg/g for hardness and 13.65 mg/z for TOC, over heat-treated rGo.
» 1G0-M reduced total hardness by 80 % and TOC by 60 % at 1.0 g/L

o rG0-M achieved 190 mg/g oil adsorption in 30'min with 95 % efficiency.

# tG03-M provides a sustainable solution for wastewater treatment and ol spills.

ARTICLE INFO ABSTRACT

Keywards: Graphitic carbon derived from vacuum gas oil (VGO) was chemically oxidized to produce graphene oxide (GO),
Varoum ges oil which wits then reduced through sidden thermal treatment and microwave-assisted reduction (o obtain reduced
Retinrid graphint arlge” graphene oxide (rGO) and rGO-M, respectively. Leveraging VGO's rich carbon content, this eco-friendly synthests
Mkt mphioasuciia produced graphene-based materials with enhanced adoption capacity, thermal stability, and structural integrity,

Wastewater treatment

'Ol $pill verhediafion, adsaipion capaciiy The fGO-M synthesis was optimized using Box-Behnken Design (BBD), adjusting microwave power (200 W),

reduction time (30 5), and Ha0y concentration (5 mL), achieving up to 95 % removal efficiency. Structural,
surface, and adsorption characteristics were evaluated for both rGO and tGO-M, particularly in wastewater
treatment and ofl spill cleanup. rGO-M showed superior adsorption capacity, removing 80 % of total hardness
(inilial; 170 mg/L) and 60 % of total arganic carbon (TOC; initlal: 22.74 mg/L) at 1.0 g/L dosage. At 1.5 /L, 1t
achieved 85 % and 61 % reductions in otal hardness and TOC, respectively. For oll removal, rG0-M adsorbed
190 mg/g in 30 min, improving from 40 % efficlency at one minute to 95 % at thirty. While rGO had slightly
higher efficiency, fGO-M stands out for its energy-efficient, simple preparation process and excellent
performance,
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KEYWORDS ABSTRACT:

‘ The characterization of vacuum residue oil (VRO) presents substantial challenges due to its complex and
Aualytical diverse compasition, including a wide range of heavy hydrocarbons and high molecular weight compounds.
Techniques. Existing literarure has extensively documented various advanced analytical techniques for assessing VRO, vel
Comprehensive the complexity of this material confinues fo pose difficulties in fully understanding its properties and
Cwmmn- optimizing its industrial applications. This review builds on prior research by providing a comprehensive
Vacoum Residue Ol

overview of the latest characterization methods, categorizing them info three primary areas: physical and
chemical bulk property analysis, saturates, aromaties, resins, and asphaltenes (SARA) fractionation, and
molecular modeling approaches. The report highlights global standards and variations in VRO properties, with
particular focus on the intricate correlations between physical properties such as refractive index and density,
and the molecular weight of specific fractions. By compiling and synthesizing these advancements, this review
not only underscores the significant diversity within VROs but also clarifies the crucial rols of advanced
techniques. such as FTIR, NMR spectroscopy, and chromatographic methods, in enhancing our nnderstanding
and optimizing the processing of VRO in industrial applications. The insights provided here aim to bridge the
gap between existing characterization methods and their practical application in optimizing conversion
processes i commercial residual ol units.
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ARTICLE INFD ABSTRACGT

Keywords: Preparation of graphitic catbon from low value refinery waste has captivared immense interest in past years
ARA analysis: owing to its low cost and abundant nature, Successful utilization of petrolenm vacuum residue i3 2 major
Smuactertihog challenge in the petroleum indugtry. In this study pyrolysiz of vacuum residue fractions has been carried out for
*H and P'C NMR ;

the preparation of graphitic carbon like material. The vacuum residue fractions were obtained from three
different crude oils originaced from Middle East, Canada and South America. The purity of the Aromatic, Resin
and Asphaltene (ARA) fractions were confirmed using TLC-FID which dencted complete separation. The
chemical composition were determined using elemencal analysis and it revealed ARA fractions to be carbon rich
regardless of its origin. Further, sulphur content was found to be high in ARA fractions from Heavy Crude oil
(HCO). The degree of polymerization and molecular weight measured using GPC specify that asphaltene has high
accumulation with high molecular weight compared with aromatic and regins, ARA derived carbon and heat-
treated materials were analysed by TGA. XRD and Raman spectroscopy to study microstructural changes in
formation of graphite like material. Thermogravimetric analysis of all ARA samples revealed the different
decomposition stages for pyrolyzed, caleined and graphitized samiples. The results of XRD demonstrated that the
distance between the planes (d-spacing) is sbove 3.35 A for all hizh temperature weated ARA derived carbon
materialg irrespective of its origin, indicating formation of graphite like structure, In Raman analysis, the nature
and intensity of G and D bands evolution during each step of pyrolysis is supporting XRD results for formation of
highly ordered graphitic carbon material, Furthermore, understanding feed quality has direct influence on high
efficiency, low costs and sustainability, the major issues for oil refinery business,

Vaouum rezidus
Graphitic earbon

Page 270 of 270



Desalination and Water Treatment 323 (2025) 101307

Desalination and
Water Treatment

Contents lists available at ScienceDirect

Desalination and Water Treatment

journal homepage: www.sciencedirect.com/journal/desalination-and-water-treatment/

ELSEVIER

Check for

Microwave-assisted reduced graphene oxide from vacuum gas oil derived = [
graphitic carbon: An innovative solution for wastewater treatment and oil
spill control

Ravi Dalsania *” ©, Hasmukh Gajera®, Mahesh Savant"”

2 Reliance Industries Limited, Village Motikhavdi, Jamnagar, Gujarat 361140, India
Y Department of Chemistry, Atmiya University, Rajkot, Gujarat 360005, India

HIGHLIGHTS

o rGO-M synthesized using VGO-derived graphite via microwave-assisted reduction.

e rGO-M exhibited 136 mg/g for hardness and 13.65 mg/g for TOC, over heat-treated rGO.
e rGO-M reduced total hardness by 80 % and TOC by 60 % at 1.0 g/L.

e rGO-M achieved 190 mg/g oil adsorption in 30 min with 95 % efficiency.

e rGO-M provides a sustainable solution for wastewater treatment and oil spills.

ARTICLE INFO ABSTRACT

Keywords:

Vacuum gas oil

Reduced graphene oxide
Microwave-assisted reduction
Wastewater treatment

Oil spill remediation, adsorption capacity

Graphitic carbon derived from vacuum gas oil (VGO) was chemically oxidized to produce graphene oxide (GO),
which was then reduced through sudden thermal treatment and microwave-assisted reduction to obtain reduced
graphene oxide (rGO) and rGO-M, respectively. Leveraging VGO’s rich carbon content, this eco-friendly synthesis
produced graphene-based materials with enhanced adoption capacity, thermal stability, and structural integrity.
The rGO-M synthesis was optimized using Box-Behnken Design (BBD), adjusting microwave power (200 W),
reduction time (30 s), and H202 concentration (5 mL), achieving up to 95 % removal efficiency. Structural,
surface, and adsorption characteristics were evaluated for both rGO and rGO-M, particularly in wastewater
treatment and oil spill cleanup. rGO-M showed superior adsorption capacity, removing 80 % of total hardness
(initial: 170 mg/L) and 60 % of total organic carbon (TOC; initial: 22.74 mg/L) at 1.0 g/L dosage. At 1.5 g/L, it
achieved 85 % and 61 % reductions in total hardness and TOC, respectively. For oil removal, rGO-M adsorbed
190 mg/g in 30 min, improving from 40 % efficiency at one minute to 95 % at thirty. While rGO had slightly
higher efficiency, rGO-M stands out for its energy-efficient, simple preparation process and excellent
performance.

1. Introduction because they can create toxic disinfection byproducts during the water

treatment process, which can cause respiratory and gastrointestinal

The world’s growing environmental degradation has made wide-
spread oil spills and water body contamination serious problems that
endanger human health as well as aquatic ecosystems [1]. Hazardous
pollutants, such as heavy metals and organic contaminants, have been
introduced into natural water sources by industrial effluents, agricul-
tural runoff, and inappropriate waste disposal. Among these contami-
nants, high levels of total organic carbon (TOC) present serious concerns

problems in people [2,3]. Also, high concentrations of calcium and
magnesium in water cause excessive hardness, which not only reduces
the effectiveness of industrial and household cleaning products but also
disturbs aquatic ecosystems by changing the chemistry of the water,
which in turn affects aquatic organisms’ metabolism and ability to
reproduce. Oil spills from drilling operations and maritime mishaps
simultaneously destroy marine life, contaminate food chains, and harm
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the environment permanently [4]. Even though they are frequently
employed, traditional remediation techniques like chemical dispersants,
mechanical skimming, and bioremediation can worsen the environment.
They are also expensive and inefficient [5].

Due to these challenges, researchers are looking into novel materials
like reduced graphene oxide (rGO) in an attempt to reduce the risks of
water pollution and oil spills in a way that is more durable and envi-
ronmentally friendly [6]. Both water pollution and oil spills require
efficient, sustainable remediation strategies that can address complex
contaminants simultaneously. Because of its remarkable qualities, gra-
phene oxide (GO) and its reduced form, rGO, have garnered a lot of
interest. A key characteristic of graphene oxide (GO) for environmental
applications is its high density of oxygen-containing functional groups,
which offer sites for chemical interaction and enhance its water solu-
bility [7]. In a more reduced form, rGO preserves some of the functional
groups that help graphene interact with contaminants while restoring a
large portion of its electrical conductivity. Because of its surface area,
chemical reactivity, and conductivity, rGO is an excellent choice for
applications such as oil spill containment and pollutant adsorption.
Recent research has examined GO for cleaning up oil spills and removing
contaminants, pointing it both its advantages and disadvantages. Zhang
et al. [8] observed that GO has a propensity to agglomerate, which
lowers efficiency, but they also reported high Pb?** and Cd** adsorption.
Although rGO was found to be successful at 150 mg/g for cleaning up oil
spills, Wang et al. stressed the necessity of surface changes to increase
hydrophobicity and recyclability. These studies show how our unique
GO method improves stability, adsorption efficiency, and reusability.
These findings, supported by earlier studies highlighting the adsorption
potential and limitations of GO and rGO, reinforce the relevance of our
approach in enhancing material stability, adsorption efficiency, and
reusability through tailored synthesis methods.

A byproduct of the refining of petroleum, vacuum gas oil (VGO) is
commonly used as a feedstock to make fuels like diesel [9]. But VGO
provides more than just energy in the context of sustainability. Waste
valorization and the need for circular economy solutions are addressed
by its potential conversion into value-added materials like graphitic
carbon [10]. A sustainable method of turning what would otherwise be a
refinery byproduct into a high-performance material is to use VGO to
create advanced carbon materials [11]. The authors of two recent
studies by Zohal et al. (2021 and 2023) used vacuum gas oil (VGO) as a
feedstock for their hydrotreating reactions and other catalytic processes
that formed reduced graphene oxide (rGO) and integrated it into
nanocomposites [12,13]. We adopted a new strategy, taking inspiration
from their work, and synthesized microwave-treated reduced graphene
oxide (rGO) by pyrolyzing VGO. This approach, which is different from
the traditional heat treatment procedures previously employed, pro-
vides a fresh viewpoint on the productive pyrolysis of rGO by employing
VGO as the carbon source.

As a result, we developed a novel and sustainable process for syn-
thesizing reduced graphene oxide (rGO) from vacuum gas oil (VGO)-
derived graphitic carbon. This work aims to utilize rGO’s potential for
addressing wastewater treatment and oil spill control, two significant
environmental challenges, by utilizing a microwave-assisted reduction
technique. Enhance the yield of GO and rGO using graphitic carbon
derived from vacuum gas oil as the precursor material. To accomplish
this goal and obtain the best material properties possible, parameters
like oxidation and reduction conditions must be adjusted. Utilizing
cutting-edge analytical methods, characterize the resultant GO and rGO
to comprehend their surface characteristics, morphology, and structure.
These analyses will validate that VGO has been successfully converted
into high-grade materials based on graphene. Also, Assess the effec-
tiveness of rGO in environmental applications, paying particular atten-
tion to how well it adsorbs contaminants from wastewater and how well
it can absorb and hold onto oil spill residue. The results of this perfor-
mance evaluation will shed light on how well rGO works in actual sit-
uations. Evaluate the process of microwave-assisted synthesis for

Desalination and Water Treatment 323 (2025) 101307

sustainability and scalability. To make sure the procedure complies with
the principles of green chemistry, a thorough assessment of the energy
usage, economic viability, and possibility for large-scale production will
be conducted. By utilizing an industrial byproduct, the method reduces
waste and advances the creation of materials with additional value. To
determine its commercialization potential, further research should
examine the process’s scalability and economic viability, taking into
account energy usage and cost analysis. By investigating the trans-
formative potential of VGO-derived rGO, this research seeks to offer a
high-performance, affordable, and environmentally friendly solution for
important environmental challenges.

2. Materials and methods
2.1. Synthesis of GO from VGO

The starting material for the production of graphitic carbon is vac-
uum gas oil (VGO), a by-product of the distillation of crude oil. As per
ASTM D4530, VGO is first pyrolyzed to produce green coke. This green
coke is subjected to additional heat treatment at temperatures high
around 2800 °C, which rearranges the carbon atoms into a stable
graphitic structure, turning the material into more ordered graphitic
carbon material [14]. To produce graphene oxide (GO) and reduced
graphene oxide (rGO), the resulting graphitic carbon is purified to
eliminate contaminants and modify its particle size. This increases its
reactivity for the oxidation process that follows.

VGO-derived graphitic carbon is used as a basis in a modified
Hummers’ method to create graphene oxide (GO). In this procedure, a
1:25:3 ratio of potassium permanganate (KMnOa) to 98 % pure sulfuric
acid (H2SOa4) and graphitic carbon is employed for oxidation [15]. For
four hours, the reaction is kept at 5 °C to regulate the oxidation process.
Next, 5 mL of hydrogen peroxide (H202) is added and stir for 15 min.
Next, add 10 mL of 30 % concentrated hydrochloric acid (HCI). Before
adding cold water to the mixture, the mixture is given 15 min to settle.
Sulfuric acid helps the graphite layers intercalate, and KMnOa is added
gradually in an ice-cold environment to stop uncontrollably occurring
exothermic reactions. Following the gradual addition, the reaction
mixture is heated to about 40 °C and agitated for a few hours in order to
incorporate functional groups that contain oxygen and facilitate the
oxidation of graphite into graphene oxide [16]. After the completion of
oxidation, the reaction is quenched with water and any remaining per-
manganate is neutralized with hydrogen peroxide, which turns the
byproducts of manganese dioxide into soluble manganese ions. The
resultant GO is purified by repeatedly washing it in distilled water to get
rid of extra metal ions and acids. Next, it is dried under vacuum to keep
its structure rich in oxygen.

2.2. Synthesis of reduced graphene oxide (rGO) and microwave-assisted
reduced graphene oxide (rGO-M)

GO becomes a more chemically active material as a result of the
oxidation process, which adds functional groups containing oxygen to
the graphene layers. The as-prepared GO was subjected to a sudden
thermal shock, causing the rapid removal of most oxygen-containing
functional groups in less than a minute. The thermal process was done
at 550°C for less than a min time and 200 W of microwave power. By
sudden thermal shock majority oxygen functional groups will be
decomposed and generate high pressure between GO layers, which
resulted in to exfoliation of GO and convert to reduced graphene oxide
(rGO). Another way to reduction of graphene oxide by using microwave
treatment, process was done for 30-second under microwave irradiation
to reduced graphene oxide. By quickly producing targeted heating, this
microwave treatment speeds up the reduction process, increases the
surface area and electrical conductivity of the rGO, and further elimi-
nates any remaining oxygen groups [17]. Fig. 1 illustrates this process
schematically.
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Fig. 1. Schematic diagram showing the synthesis of rGO & rGO-M from VGO
via microwave assisted method.

2.3. Characterization of synthesized materials

A variety of cutting-edge methods are employed in the character-
ization of graphene oxide (GO) and reduced graphene oxide (rGO) and
microwave assisted reduce graphene oxide (rGO-M) to evaluate their
surface, thermal, and structural characteristics. Thermogravimetric
analysis (TGA; PerkinElmer STA 6000) assesses the thermal stability of
these materials by monitoring weight loss as temperature increases,
revealing the breakdown of GO’s oxygen-containing functional groups.
The surface morphology of both materials is visualized using field
emission scanning electron microscopy (FESEM; Carl Zeiss Sigma 300),
producing higher-resolution images of rGO’s crumpled sheets that
emphasize surface defects and a reduction in oxygen groups. Atomic-
level images of the crystallinity and layer stacking in GO and rGO are
obtained by high-resolution transmission electron microscopy (HRTEM;
JEOL JEM-2100), which also confirms exfoliation and the restoration of
graphitic domains in rGO-M, along with any defects that affect adsorp-
tion and conductivity. Functional groups are identified using Fourier-
transform infrared spectroscopy (FTIR; PerkinElmer Spectrum Two). A
CHNSO analyzer (PerkinElmer 2400 Series II) was used to perform an
elemental analysis of the samples in order to ascertain the weight per-
centages of carbon (C), hydrogen (H), nitrogen (N), sulfur (S), and ox-
ygen (0). X-ray diffraction (XRD; Malvern Panalytical X'Pert Pro)
analysis reveals crystallinity, with rGO-M shifting to a peak near 26°,
indicating a return to the graphitic structure, while GO shows a peak
around 10-12° due to increased interlayer spacing from oxygen. Addi-
tionally, Raman spectroscopy (LabRAM HR Evolution, HORIBA Scien-
tific) is employed to analyze the structural properties of these materials
[18].

2.4. Wastewater treatment using rGO & rGO-M

This process evaluates how well rGO and rGO-M treat wastewater
that contains a range of contaminants. The pH, conductivity, turbidity,
total hardness, calcium hardness, magnesium hardness, chloride, iron,
and total organic carbon are the first important parameters used to
characterize the wastewater sample. At specified dosages, rGO and rGO-
M are added to the wastewater. Experiments on batch adsorption are
conducted in controlled environments with systematic variations in
parameters such as temperature and contact time. By comparing initial
and final values using adsorption studies, the reduction in pollutant
concentrations, such as total hardness, calcium hardness, and organic
carbon, is calculated. For every parameter, the efficiency of rGO and
rGO-M in enhancing water quality is contrasted with industry standards
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for potable water [19].
2.5. il spill remediation using rGO & rGO-M

The purpose of the oil spill remediation experiments is to assess rGO
and rGO-M’s oil absorption capacities. In these experiments, toluene is
mixed with crude oil to simulate an oil spill. The capacities of rGO and
rGO-M (0.5 g/L, 1.0 g/L, and 1.5 g/L) to absorb oil are added to toluene
and their absorption rate is tracked over time. To mimic various envi-
ronmental scenarios, the salinity and temperature of the experiment are
changed. Weighing the adsorbents both before and after absorption al-
lows us to determine the oil content gravimetrically. After exposure, the
rGO and rGO-M with absorbed oil are extracted from the toluene. The
performance of rGO and rGO-M is compared, and the oil absorption
capacity is computed [20,21].

2.6. Adsorption studies for wastewater treatment of rGO & rGO-M

To ascertain its potential for pollutant removal, the adsorption
effectiveness of microwave-treated reduced graphene oxide (rGO-M) in
wastewater treatment was thoroughly assessed [22]. Using the
following Eq. 1, the adsorption capacity(qge) was determined:
ge (Ci :le)*V a
where V is the wastewater volume, Ce is the equilibrium concentration
following treatment, Ci is the contaminant’s initial concentration, and m
is the adsorbent’s mass. In the experiments, different doses of rGO &
rGO-M (0.5 g/L, 1.0 g/L, and 1.5 g/L) were used. Total hardness and
total organic carbon (TOC) concentrations in wastewater samples were
measured at the outset. To measure the concentrations of pollutants,
controlled adsorption experiments were carried out with samples taken
on a regular basis.

2.7. Adsorption studies of rGO-M in oil spill remediation

To determine rGO & rGO-M’s adsorption capacity for oil spill
remediation, an oil-toluene mixture is first made in a specified volume,
typically 100 mL, at a known concentration. The oil’s maximum
absorbance wavelength is determined by measuring the initial oil con-
centration (Co) using spectrophotometric techniques [23]. A known
mass of r GO & rGO-M is added, and the mixture is then allowed to stand
for predetermined amounts of time. At every interval, a sample is taken,
and the ultimate oil concentration (Ct) is calculated. To find out how
much oil rGO has adsorbed, use Eq. 2a as follows:

(Co—Ct)xV
m

(2a)

where V is the volume of the mixture and m is the mass of rGO & rGO-M.
Eq. 2b is used to calculate the removal efficiency (R). To guarantee ac-
curate results, this procedure is repeated several times. The data is then
analyzed to assess the adsorption kinetics and isotherms.

% X 100 (2b)

2.8. Optimization of rGO-M using Box-Behnken Design (BBD)

Three crucial factors are being optimized for rGO-M synthesis using
BBD: exposure duration, lowering agent concentration, and microwave
power. Maximizing reduction efficiency while minimizing defects is the
aim. The variables include the following: 30 s of exposure time, and
200 W of microwave power. Response surface methodology (RSM) is
used to optimize rGO-M’s conductivity, surface area, and reduction
[24]. To evaluate factor significance and interactions, statistical anal-
ysis, such as ANOVA, is conducted using Design Expert software (trial
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version 15). Response surfaces increase the surface area and adsorption
efficiency of rGO-M by identifying ideal conditions. The effectiveness of
cleaning up oil spills is the response in this instance. The reliability and
accuracy of the model are validated.

3. Results and discussion
3.1. Characterization studies

A thorough comparison of the functional group changes between
graphite, graphene oxide (GO), reduced graphene oxide (rGO) and
reduced graphene oxide with microwave assistance (rGO-M) is given by
the FTIR spectra in Fig. 2. Graphite has very few peaks, suggesting that it
is in its pure state with very few functional groups that incorporate
oxygen. The oxidation process results in the appearance of significant O-
H (~3400 cm™), C-H (~2900 cm™), C=0 (~1720 cm™), and C-O-C
(~1100 cm™) peaks, which indicate the addition of epoxy, hydroxyl,
and carbonyl groups. These oxygen functionalities, particularly the
carbonyl and hydroxyl groups, are significantly reduced in rGO-M,
which is created by microwave reduction, indicating a successful par-
tial restoration of the graphitic structure [25-27]. The FTIR analysis
indicates that both rGO and rGO-M undergo partial restoration of the
sp2 carbon framework during the reduction process. Notably, rGO ex-
hibits a relative decrease in hydroxyl functionalities compared to GO,
although some are still present. In contrast, rGO-M shows a more sig-
nificant reduction in carbonyl groups. These observations suggest subtle
differences in the mechanisms of the two materials, with rGO being
more effective at reducing hydroxyl groups and rGO-M showing
enhanced removal of carbonyl functionalities.

There are notable variations in the carbon, hydrogen, nitrogen, sul-
fur, and oxygen content of the samples, including graphite, GO, rGO,
and rGO-M, according to the elemental composition analysis (Table 1).
Graphite is confirmed to be crystalline by its almost pure carbon content
(99.99 %), minimal nitrogen concentration (0.01 %), and lack of
hydrogen, sulfur, or oxygen. On the other hand, GO exhibits a significant
drop in carbon content to 47.04 %, along with a high oxygen content
(46.3 %) and a C/O ratio of 1.03, which suggests the presence of a va-
riety of functional groups that contain oxygen. The oxidation process is
further supported by the increases in sulfur (2.57 %), nitrogen (0.25 %),
and hydrogen (3.84 %). After reduction, the carbon content of rGO
shows a notable rebound to 91.81 %, while the oxygen content de-
creases to 5.60 %, increasing the C/O ratio to 16.39. Sulfur (0.84 %) and
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Fig. 2. FTIR spectra of graphite, GO, rGO, and rGO-M showing functional
group transformations. GO displays oxygenated groups due to oxidation, while
reduced peak intensity in rGO and rGO-M confirms successful reduction.
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nitrogen (0.94 %) indicate that these elements were included
throughout the reduction process. The compound rGO-M has the lowest
oxygen concentration (0.31 %) and the highest carbon content
(96.18 %). Its C/O ratio of 310.26 indicates advanced reduction and
modification. The higher sulfur (0.75 %) and hydrogen (2.76 %) in rGO-
M suggest more functionalization. The transition from highly oxidized
GO to more reduced forms is reflected in the changes in the C/O ratio
between the samples. rGO-M exhibits the most advanced reduction,
making it a potential material for applications requiring high conduc-
tivity and low oxygen content. Elemental analysis confirms that the
synthesized graphite contains 99.99 % carbon with no detectable sulfur,
indicating effective removal of VGO-derived impurities during high-
temperature treatment.

The FESEM suggest how the morphological changes brought about
by oxidation and reduction processes progressed from graphite to GO,
rGO and rGO-M. The smooth, densely packed, and well-organized layers
seen in graphite’s pristine lamellar structure are depicted in Fig. 3(a).
This order is upset by the addition of functional groups containing ox-
ygen during the oxidation process, giving rise to the collapsed sheet-like
morphology of GO in Fig. 3(b). The functionality of the carbon lattice,
which presents strain and defects in the structure, is responsible for the
increase in surface roughness and wrinkle appearance [28]. As shown in
Fig. 3(c), the reduction of GO to rGO preserves some degree of exfolia-
tion while only partially restoring the layered structure. This can be
attributed to the elimination of oxygenated species, which preserves
surface area for adsorption purposes while enabling the sheets to regain
some structural cohesiveness more in rGO-M (Fig. 3d) than rGO [29].
Because of its improved adsorption -capabilities, the resulting
morphology plays a critical role in improving the material’s use in
environmental applications.

The XRD patterns in Fig. 4(a-d) illustrate the diffraction peaks cor-
responding to graphitic materials with varying levels of crystallinity and
structural order. Fig. 4(a) represents graphite, where the prominent
peak around 26° (26), indicative of the characteristic layered structure.
The interlayer spacing and the hexagonal structure of graphite are
further supported by distinct peaks at 44° and 77° showing moderate
crystallinity. The sharp (002) diffraction peak observed around 26° (26)
in graphite and rGO-M indicates a well-ordered layered structure. This
peak was used to calculate the interlayer spacing. Fig. 4(b), representing
GO, shows broader and less intense peaks, suggesting disruption of the
graphitic layers due to oxidation, leading to an increased interlayer
spacing and structural defects. Fig. 4(c) shows rGO, where the peaks are
slightly sharper than those of GO, indicating partial restoration of the
graphitic structure. However, the peaks are still broad, reflecting re-
sidual defects and disorder [30,31]. Lastly, Fig. 4(d) for rGO-M exhibits
even sharper and more intense peaks, indicating a higher degree of
crystallinity and better stacking order compared to rGO, demonstrating
that microwave-assisted reduction more effectively restores the
graphitic structure. These patterns illustrate a progressive recovery of
graphitization, with graphite being the most crystalline (Fig. 4a) and GO
the most disordered (Fig. 4b), while rGO (Fig. 4c) and rGO-M (Fig. 4d)
show varying degrees of structural restoration. On the other hand,
Table 2 displays the d-spacing values for GO, rGO, Graphite, and rGO-M.
The organized structure of graphite is typified by its d-spacing of
3.3858 A. Because of oxidation, GO has a substantially bigger d-spacing
(7.6974 A). Following reduction, rGO (3.6091 A) and rGO-M (3.3960 A)
show decreasing d-spacing, with rGO-M being closer to pristine
graphite, suggesting that microwave-assisted reduction improved
structural restoration.

TGA curves in Fig. 5 illustrate the thermal stability of rGO-M in
comparison to graphite, GO and rGO, providing significant information
about the material. Similar to rGO-M, rGO has enhanced thermal sta-
bility in comparison to GO; however, it displays a unique pattern of
thermal deterioration. Compared to rGO-M, rGO shows a more notice-
able weight loss, especially between 200°C and 800°C, indicating that it
keeps more oxygen-containing functional groups following reduction.
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Table 1

Elemental composition of Graphite, GO, rGO, and rGO-M.
Sample Carbon % Hydrogen % Nitrogen % Sulphur % Oxygen % C/0 Ratio
Graphite 99.99 0.00 0.01 0.00 0.00 -
GO 47.04 3.84 0.25 2.57 46.30 1.02
rGO 91.81 0.81 0.94 0.84 5.60 16.39
rGO-M 96.18 2.76 0.00 0.75 0.31 310.26

Fig. 4. X-ray diffraction (XRD) patterns of samples (a) Graphite, (b) GO, (c) rGO and (d) rGO-M.
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Table 2

d-spacing values for Graphite, GO, RGO, and RGO-
M, highlighting changes due to oxidation and
reduction processes.

Samples d-spacing [A]
Graphite 3.3858
GO 7.6974
rGO 3.6091
rGO-M 3.3960
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Fig. 5. TGA curves of graphite, GO, rGO, and rGO-M.

This suggests that, in comparison to rGO-M, the reduction process for
rGO may not have been as successful in eliminating these groups. As a
result of its more effective restoration of the sp? carbon network, rGO-M
exhibits greater thermal stability when compared to other materials. In
the same temperature range, rGO-M loses weight far less than rGO,
indicating that the latter may still have more structural flaws and oxygen
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functions that could jeopardize thermal stability [32,33]. As a result,
although both rGO samples have better thermal characteristics than GO,
rGO-M shows greater thermal resilience because functional groups are
removed and reduced more successfully, giving it a better option for
applications needing greater thermal stability.

The structural changes of graphitic carbon during the stages of GO,
rGO, and rGO-M were examined by HRTEM (High-Resolution Trans-
mission Electron Microscopy) analysis, as shown in Fig. 6. The crystal-
line and highly organized structure of pristine graphitic carbon(Fig. 6
(a)) with well-aligned carbon layers and few imperfections indicates
robust graphitization. On the other hand, Fig. 6(b) illustrates GO, where
the graphitic layers are severely disrupted and exfoliated by the oxida-
tion process [34,35]. This results in disorderly and loosely packed
structures because oxygen-containing functional groups like carboxyl,
hydroxyl, and epoxide are introduced, amplifying interlayer spacing and
improving chemical reactivity. The morphology of rGO, which is char-
acterized by folds and wrinkles that may have an impact on its electrical
conductivity, (Fig. 6(c)) shows a partial restructuring of the graphitic
layers but retains a large amount of disorder and oxygen functions. On
the other hand, rGO-M following microwave-assisted reduction is shown
in Fig. 6(d), where the structure shows a significant restoration of the
sp>-hybridized carbon network as well as more effective reorganization.
While part of the defects and structural distortions common to materials
created by microwaves is still present in rGO-M, the reduction effec-
tively eliminates a large number of oxygen functional groups, increasing
the material’s electrical conductivity [36]. These structural modifica-
tions emphasize the benefits of using microwave-assisted reduction to
produce functional graphene materials and place rGO-M in a favourable
position for a range of environmental applications needing high con-
ductivity and surface area.

The structural history of graphite, GO, rGO, and rGO-M may be
clearly compared using the Raman spectra in Fig. 7. The D and G bands
in graphite are distinct and crisp, signifying the material’s high crys-
tallinity and low defect content. On the other hand, GO exhibits wide,
noticeable D (~1350 cm™) and G (~1580 ¢cm™!) bands, which indicate
significant structural instability brought about by the addition of func-
tional groups containing oxygen [37]. Both rGO and rGO-M exhibit
sharper D and G bands after reduction, indicating a partial restoration of
the graphitic structure; however, rGO-M has a more pronounced peak

Fig. 6. HRTEM of (a) graphitic carbon, (b) GO, (c) rGO and (d) rGO-M.
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Fig. 7. Raman spectra of graphite, GO, rGO, and rGO-M. Sharper peaks in rGO-
M indicate more effective reduction and restoration of the sp? carbon network
compared to rGO and GO.

profile, indicating that microwave-assisted reduction, as opposed to heat
treatment, more successfully restores the sp? carbon network while
reducing defects. Table 3 also shows the placements of the D- and
G-bands, their corresponding intensities, and the intensity ratio (ID/IG),
which shows how disordered the carbon structure is. The lowest ID/IG
ratio (0.05) in graphite indicates a well-ordered structure. The greater
ID/IG ratio (0.82) of GO suggests more oxidation-related problems. The
graphitic structure has partially recovered in rGO, as evidenced by its
ID/IG ratio of 1.01. In contrast, rGO-M exhibits a higher ID/IG ratio of
1.52, suggesting that microwave-assisted reduction introduces more
defects and edge sites due to rapid energy input. These structural al-
terations, consistent with the morphology observed in FESEM images,
can enhance surface reactivity, making rGO-M more effective for
adsorption-based applications.

The pore size distribution and porous structure of rGO and rGO-M
were characterized by N2 adsorption-desorption isotherms. Fig. 8 dis-
plays the corresponding BET plots of the two materials. The isotherms
(Fig. 8a and Fig. 8c) show a typical type IV profile with a clear hysteresis
loop at high relative pressures, indicating the existence of mesopores
and macropores. The surface area of rGO-M was found to be 30 m?
g with a micropore volume of 0.04 cm® g™, whereas rGO had a
considerably higher surface area of 100 m? g™! and a micropore volume
0f0.14 cm® g' . The higher micropore volume in rGO indicates a greater
micropore density, while rGO-M showed a higher proportion of meso-
pores (2-50 nm) and macropores (>50 nm), as illustrated in the pore
size distribution profiles (Fig. 8b and d). Such pore architecture is more
favourable for adsorbing larger organic molecules than micropores, as
supported by prior studies [38]. This structural development in rGO-M
increases its application potential for wastewater treatment and oil
spill cleanup, as meso/macropores allow for ion diffusion and fast
adsorption, whereas micropores are mainly responsible for surface area

Table 3
Raman spectroscopy data of Graphite, GO, rGO, and rGO-M, showing D-band
and G-band positions, intensities, and the ID/IG ratio.

Sample D- Band D- Band G- Band G- Band ID/
Details Position Intensity Position Intensity 1G

Graphite 1358.6 6.1 1580.8 121.4 0.05
GO 1337.9 177.9 1582.4 216.3 0.82
rGO 1345.9 145.0 1583.9 143.1 1.01
rGO-M 1350.6 65.9 1594.7 43.5 1.52
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without enhancing accessibility much for adsorption processes.
3.2. Adsorption efficiency of rGO & rGO-M in wastewater treatment

Adsorption experiments aimed at different contaminants were con-
ducted to assess the effectiveness of rGO-M in wastewater treatment.
Important parameters found in the initial characterization of the
wastewater included pH (13.8), conductivity (12,950 uS/cm), turbidity
(187 NTU), total hardness (170 ppm), calcium (66 ppm), magnesium
(104 ppm), iron (0.3 ppm), chloride (250 ppm), and total organic car-
bon (TOC, 22.74 ppm). To evaluate their adsorption capacities, heat-
treated rGO and rGO-M were added to the wastewater at doses of
0.5g/L, 1.0 g/L, and 1.5 g/L. In order to maximize the removal of
pollutants, batch adsorption experiments were carried out under care-
fully monitored circumstances, adjusting variables like temperature and
contact time. Samples were taken periodically to track drops in the
concentrations of pollutants.

The outcomes showed that rGO-M performed better than rGO at
every tested dosage, exhibiting greater removal efficiencies for TOC,
calcium hardness, magnesium hardness, and total hardness. At 1.0 g/L,
for instance, rGO-M reduced total hardness and calcium hardness by
80 % and 85 %, respectively, at a dosage higher than rGO’s 70 % and
75 %. Furthermore, rGO-M recorded a 60 % reduction in TOC,
compared to rGO’s 55 % reduction. Additionally highlighting rGO-M’s
exceptional performance was the calculation of its adsorption capacity
at 1.0 g/L dosage, which came out to be 136 mg/g for total hardness and
13.65 mg/g for TOC. At the highest dosage of 1.5 g/L, rGO-M accom-
plished outstanding reductions of 85 % in total hardness as well as 61 %
in TOC. These results demonstrate the enhanced adsorption efficacy of
rGO-M, which is an intriguing material for wastewater treatment and
environmental remediation applications due to its greater surface area
and functional groups developed during microwave treatment.

3.3. 0il spill remediation performance

The Fig. 9 compares the stages of oil spill remediation using rGO-M
in the presence of toluene, highlighting both qualitative and quantita-
tive aspects of the process. In Fig. 10 (a), the initial oil is dispersed across
the toluene’s surface, simulating a spill with visible patches of floating
oil. After the introduction of rGO-M in Fig. 10(b), dark areas form as the
rGO begins to selectively adsorb the oil, significantly reducing the
visible oil on the surface. The oil adsorption capacity of rGO was
calculated to be 190 mg of 0il/g of rGO-M, demonstrating 85 % removal
efficiency within 30 min. By Fig. 10(c), most of the oil has been absorbed
by the rGO-M, with the surface appearing clearer and a scraping tool
indicating the collection of the rGO-M-oil aggregate. Finally, in Fig. 10
(d), the water is almost clear, with the oil-toluene mixture largely
removed by the rGO, which has formed a dark clump. This progression
illustrates the effectiveness of rGO-M in adsorbing and removing oil
from the toluene mixture, demonstrating its potential for oil spill
remediation in organic solvent environments.

3.4. Adsorption studies of rGO in oil spill remediation

The quantity of oil adsorbed (mg/g rGO-M) as a function of contact
time (minutes) is shown in Fig. 11(a). The data demonstrate a notable
increase in oil adsorption over time, with a peak of about 190 mg/g at
30 min, following a rapid rise from 0 mg/g at 0 min to 80 mg/g at
1 min. The pattern shows that rGO-M has quick adsorption, especially in
the first few minutes, and then the rate of increase starts to slow down,
indicating that saturation is approaching. The oil removal efficiency (%)
over the same contact times is shown in Fig. 11(b). At 0 min, the removal
efficiency is 0 %; after 1 min, it rises to 40 %; by 5 min, it reaches 85 %;
and at 30 min, it reaches 95 %. The adsorption data and the steady in-
crease in removal efficiency support the effectiveness of rGO-M in
rapidly eliminating oil impurities from the solution. Taken as a whole,



R. Dalsania et al.

Ol -Crivann

~ e

L4/ o E
2N T | G |‘[ LS A N | S I ‘I_f o oW |j i
0 0 0y 9 ®

D)

Bk

Desalination and Water Treatment 323 (2025) 101307

<Ol

006664EEETEOE

i v

W
P 00006660004000.6000,

(I | (O |) (O

)
D

&,
-
o

)
e @@6‘@' GOB0G400

Fig. 8. N: adsorption-desorption isotherms and pore size distribution of rGO and rGO-M.

these graphs demonstrate the effectiveness of rGO-M as a potential
adsorbent for cleaning up oil spills, showcasing its quick adsorption
kinetics and high removal efficiency.

3.5. Optimization of rGO-M synthesis using Box-Behnken Design (BBD)

Using Design Expert software, the synthesis of rGO-M was optimized
by analyzing the removal efficiency of pollutants in a wastewater
treatment process using a quadratic model. With a Model F-value of
30.18 and a p-value of less than 0.0001, the quadratic model assessing
the removal efficiency’s ANOVA results show that the model is signifi-
cant. This implies that the factors and interactions under investigation
can account for the variances in removal efficiency that have been
observed. Microwave power (A), exposure time (B), and reducing agent
concentration (C), along with their interactions (AB, AC, BC) and
quadratic terms (A2, B%, C?), are the factors that are tested. The p-values
less than 0.0500 indicate that the following factors are significant: mi-
crowave power (A), exposure time (B), reducing agent concentration
(C), the interaction between reducing agent concentration and exposure
time (BC), and the quadratic term for microwave power (A?). According

to the significant interaction term BC, maximizing removal efficiency
requires a combination of lowering agent concentration and exposure
time. However, with p-values higher than 0.1000, it was discovered that
interactions AB and AC as well as B2 and C2 were not significant.
Strong correlation between observed and predicted values is shown
by the model fit statistics, which show an adjusted R? of 0.9426 and a R*
value of 0.9749. The adjusted R2 and the predicted R2 of 0.7835 agree
well, indicating that the model can produce accurate predictions within
the design space. The model’s precision is further highlighted by its low
standard deviation (1.5409) and high coefficient of variation (C.V.) of
1.726 %. A strong signal-to-noise ratio is indicated by the Precision
value of 20.691, which is significantly higher than the 4 thresholds,
indicating that the model is robust for navigating the design space 3D
response surface plots in Fig. 12(a—c) demonstrate how the response
varies with these variables, demonstrating the effects of microwave
power, exposure time, and reducing agent concentration on removal
efficiency [39]. These plots show that a moderate concentration of the
reducing agent combined with an increase in microwave power and
exposure time improves removal efficiency. A two-dimensional depic-
tion of the same data is given by the contour plots in Fig. 12(d—f), which
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Fig. 9. Comparing the effectiveness of rGO and rGO-M across different dosages in reducing total hardness, calcium hardness, and total organic carbon in wastewater.
Insight showing Adsorption capacity of (a) rGO treated wastewater and (b) rGO-M treated wastewater Treated with rGO-M Showing Improved Water Quality.

Fig. 10. Stages of oil spill remediation using rGO-M in toluene. (a) Initial oil patches on the surface. (b) rGO-M adsorbs oil, reducing visible oil. (c) Surface clears as
rGO-M absorbs more oil. (d) Toluene is nearly clear, with rGO-M forming a dark clump. Adsorption capacity: 190 mg oil/g, 85 % removal in 30 min.

highlight the interactions between the variables and pinpoint the ideal
circumstances for maximum efficiency. With a significance level of less
than 0.001, the model demonstrated strong confidence in the effects that
were observed.

3.6. Mechanism of GO to rGO-M

A number of crucial processes that take advantage of GO’s special
dielectric qualities are involved in the mechanism by which GO pro-
duces rGO-M. The polarity of graphene oxide (GO) allows for energy

absorption under 2.45 GHz microwave radiation, which selectively ex-
cites the functional groups that contain oxygen that are affixed to the
graphene sheets. The removal of these functional groups and the
restoration of graphene’s conjugated carbon network characteristic are
made possible by the selective heating that accelerates the cleavage of
carbon-oxygen bonds [40]. Zhao et al. (2021) reported that the GO
sample exhibits consistent reduction throughout due to the uniform
energy distribution achieved through microwave-assisted heating,
which ultimately produces high-quality rGO-M with enhanced electrical
conductivity [41]. Furthermore, side reactions that might introduce
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Fig. 12. (a-c) 3D response surface plots showing the effects of microwave power, exposure time, and reducing agent concentration on removal efficiency. Increasing
microwave power and exposure time, with moderate reducing agent concentration, enhances efficiency. (d-f) Contour plots highlighting the interaction effects
between the variables, identifying optimal conditions for achieving maximum removal efficiency.
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defects or impurities are reduced in the controlled microwave environ-
ment, resulting in an improved rGO-M product with enhanced surface
area and better adsorption capabilities. This makes it appropriate for a
variety of applications, especially environmental remediation processes.

4. Conclusion

This work offers a practical way to use the plentiful carbon resources
in VGO to create high-performance microwave based reduced graphene
oxide (rGO-M) with enhanced adsorption capabilities. The BBD opti-
mization method greatly increased the efficiency of pollutant removal,
with rGO-M exhibiting exceptional efficacy in eliminating TOC and total
hardness from wastewater. Its potential for resolving global issues like
oil spills is further highlighted by its capacity to absorb oil quickly and
effectively. rGO-M is more active than rGO due to its unique reduction
mechanism and energy-efficient process. This study uniquely demon-
strates the sustainable synthesis of rGO-M from VGO with optimized
microwave parameters, achieving up to 95 % oil removal efficiency and
85 % total hardness reduction, highlighting its adsorption performance.
These characteristics make rGO-M a superior option compared to
traditional reduction methods. Moreover, the microwave treatment used
in its production is a scalable process for GO reduction, offering a
promising solution to environmental challenges such as oil spills and
water pollution. This finding paves the way for further investigation of
graphene-based materials in a range of environmental applications by
developing sustainable pollution management solutions.
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KEYWORDS ABSTRACT:

The characterization of vacuum residue oil (VRO) presents substantial challenges due to its complex and
Analytical diverse composition, including a wide range of heavy hydrocarbons and high molecular weight compounds.
Techniques, Existing literature has extensively documented various advanced analytical techniques for assessing VRO, vet
Comprehensive the complexity of this material continues to pose difficulties in fully understanding its properties and
Characterization, optimizing its industrial applications. This review builds on prior research by providing a comprehensive
Vacuum Residue Oil

overview of the latest characterization methods, categorizing them into three primary areas: physical and
chemical bulk property analysis, saturates, aromatfics, resins, and asphaltenes (SARA) fractionation, and
molecular modeling approaches. The report highlights global standards and variations in VRO properties, with
particular focus on the intricate correlations between phyvsical properties such as refractive index and density.
and the molecular weight of specific fractions. By compiling and synthesizing these advancements. this review
not only underscores the significant diversity within VROs but also clarifies the crucial role of advanced
techniques, such as FTIR, NMR spectroscopy, and chromatographic methods, in enhancing our understanding
and optimizing the processing of VROs in industrial applications. The insights provided here aim to bridge the
gap between existing characterization methods and their practical application in optimizing conversion
processes in commercial residual oil units.

1. Introduction and the effects of various extraction and processing

. o . conditions on its composition [36].
Vacuum residue oil (VRO) is a byproduct of the vacuum P [36]

distillation process in petroleum refining. Its complex
composition, characterized by a high boiling point and
substantial viscosity, makes it an essential feedstock in
various industrial applications [1.2]. VRO is
indispensable in producing heavy fuel oil (HFO), asphalt,
bitumen, and lubricants, and serves as a base material for
creating solvents, detergents, and specialty chemicals
[41]. Understanding and optimizing the use of VRO is
crucial for the  tansportation,  construction,
manufacturing, and chemical sectors, highlighting the
need for advanced characterization techniques to exploit
its potential fully shown in (refer Fig 1.) VRO is
composed of a myriad of hydrocarbons and non-
hydrocarbons, including resins, asphaltenes, and a
variety of aromatic compounds [4]. This complexity
presents significant challenges in its analysis and
utilization. The detailed characterization of VRO
involves understanding its physical and chemical
properties, the distribution of its molecular components,

1398

Traditional methods of analyzing VRO, while useful,
often fall short in providing comprehensive insights into
its intricate structure. Consequently. sophisticated
analytical methods have been created and improved to
provide a more thorough and precise characterization.
These methods include SARA (Saturates. Aromatics,
Resins, and Asphaltenes) analysis molecular modeling,
and a range of sophisticated spectroscopic and
chromatographic techniques [123]. SARA analysis is a
cornerstone for characterizing VRO [5.37]. It
fractionates the oil into four main components: saturates,
aromatics, resins., and asphaltenes [28.6]. This
segregation allows for a clearer understanding of the oil's
composition. facilitating targeted applications and
processing methods. By determining the proportions of
these fractions, researchers can predict the behavior of
VRO in different industrial processes and improve the
efficiency of its conversion into valuable products [38].
Molecular modeling procedures simulate the activity of
VRO at the molecular level. providing an alternative
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method to empirical investigation. These simulations can
forecast VRO's behavior in a variety of scenarios,
offering challenging insights to obtain through
experimental methods alone. Molecular modeling is
particularly useful in optimizing the refining process.
enhancing the quality of the final products, and reducing
the environmental impact of VRO utilization. To fully
understand the molecular structure of VRO,
spectroscopic techniques like GCMS. FTIR NMR are
essenfial [2]. NMR spectroscopy provides detailed
information on the hydrogen and carbon frameworks of
VRO molecules, providing information about the
different kinds of chemical bonds and atom arrangements
[96]. On the other hand, functional groups in the oil can
be found using FTIR spectroscopy, which helps to
determine the chemical makeup of the oil. The accurate
examination of the volatile components of VRO is made
possible by GCMS. which combines the identification
power of mass spectrometry with the separation
capabilities of gas chromatography. Chromatographic
methods are necessary for a thorough examination of
VRO. TLC-FID is effective for confirming the purity of
the oil and detecting impurities that might affect its
performance [37]. GPC is employed for molecular
weight analysis, providing insights into the size
distribution of the oil’s molecular components. Because
it has a major influence on the oil's overall
characteristics. the characterisation of the heavy oil
aromatic portion within VRO is particularly important
[15.123]. PAHs are isolated and quantified using
methods like HPLC, which are crucial in determining the
reactivity and stability of VRO [85]. Molecular
fragmentation analysis and API-Mass Spectra
Examination further aid in identifying the specific
aromatic compounds present. enabling more precise
control over the refining process.

The composition of VRO is also influenced by enhanced
oil recovery (EOR) techniques. which are used to extract
more oil from reservoirs. The application of thermal.
chemical. and gas injection methods alters the molecular
structure and properties of the oil [91]. Understanding
these changes is essential for optimizing the refining
process and improving the quality of the end products.
This review explores the impact of various EOR
techniques on VRO composition, providing insights into
the evolving nature of this complex feedstock.
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This review aims to deliver an in-depth analysis of
advanced techniques employed in VRO characterization,
emphasizing their critical role in enhancing the
understanding and optimization of VRO applications
across diverse industrial sectors. This review aims to
provide guidance for future research and development
efforts in the field of VRO analysis by analyzing the
advantages and disadvantages of each method. The
integration of traditional and advanced analytical
techniques promises to enhance the efficiency and
sustainability of VRO processing, contributing to the
development of  higher-quality and more
environmentally friendly products.

At the atomic level, NMR spectroscopy is a potent
method for clarifying the structural specifics of VRO.
NMR provides information on the hydrogen and carbon
environments within the oil, enabling the identification
of various functional groups and the types of chemical
bonds present [97]. This technique is particularly useful
in distinguishing between different types of
hvdrocarbons, such as alkanes, alkenes. and aromatics,
and in detecting heteroatoms like sulfur. nitrogen, and
oxygen. To determine the functional groups in VRO,
FTIR spectroscopy is frequently utilized. By measuring
the absorption of infrared light at different wavelengths,
FTIR provides a fingerprint of the molecular vibrations
within the oil. This information is critical for
understanding the chemical composition of VRO and for
identifying specific compounds that contribute to its
overall properties. FTIR is especially useful for detecting
polar compounds and heteroatomic species. which are
often present in significant quantities in VRO. GCMS is
a combination of mass spectrometry's identifying power
and gas chromatography's separation capability. This
method works very well for examining the volatile parts
of VRO and precise yield details about the molecular
weight and structure of each individual chemical. GCMS
is invaluable for identifving trace components and
impurities that can affect the performance and quality of
VRO-derived products. The high sensitivity and
specificity of GCMS make it a cornerstone technique for
VRO analysis. A chromatographic method called TLC-
FID is used to evaluate the purity of VRO and find
contaminants. According to their affinity for the
stationary and mobile phases, TLC divides the
components of VRO, whereas FID provides quantitative
detection of the separated components. This technique is
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particularly useful for monitoring the refining process
and ensuring the consistency and quality of VRO-derived
products.

The molecular weight study of VRO is performed using
GPC. GPC offers a distribution profile of the molecular
weights within the oil by sorting molecules according to
their size. This information is critical for understanding
the rheological properties of VRO and for optimizing its
processing and utilization. GPC is especially useful for
characterizing high-molecular-weight fractions, such as
asphaltenes. which significantly influence the viscosity
and stability of VRO [35].

HPLC isolates and quantifies specific components within
VRO. such as PAHs. HPLC offers high resolution and
sensitivity, allowing for the precise identification and
quantification of aromatic compounds. This technique is
crucial for assessing the quality and reactivity of VRO,
because PAHs have a big influence on how the oil
behaves when it's processed and used.

The utilization of enhanced oil recovery techniques aims
to optimize oil extraction from depleted oil reservoirs
[92]. These techniques, including thermal, chemical, and
gas Injection methods, significantly impact the
composition and properties of VRO. Understanding the
changes induced by EOR is essential for optimizing the
refining process and improving the quality of the end
products. This review examines the effects of various
EOR techniques on VRO composition. providing
insights into the evolving nature of this complex
feedstock.

Thermal EOR techniques, such as steam injection and in-
situ combustion, increases the temperature of the
reservoir to reduce the viscosity of the oil and enhances
its flow. These methods can alter the molecular structure
of VRO, leading to the formation of lighter fractions and
the degradation of heavier components. Understanding
these changes is crucial for optimizing the refining
process and improving the quality of VRO-derived
products.

Chemicals including polymers, alkalis, and surfactants
are injected during chemical EOR procedures in order to
increase the oil's displacement efficiency. The content
and characteristics of VRO are changed by these
chemicals' interactions with the oil and the reservoir
rock. For instance, whereas polymers raise the viscosity
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of the injected water, surfactants can lower the interfacial
tension between oil and water. To maximize the refining
process and raise the caliber of the finished products. it
is crucial to comprehend how these chemicals affect
VRO. Gas injection EOR techniques. such as carbon
dioxide (CO:) injection, involve the injection of gases to
increase the reservoir pressure and improve oil recovery.
CO: injection, in particular, can significantly alter the
composition of VRO by dissolving in the oil and
reducing its viscosity. The interaction between CO: and
VRO can lead to the formation of new compounds and
the modification of existing ones. Understanding these
changes is crucial for optimizing the refining process and
improving the quality of VRO-derived products.

For specific characterizations such as NMR and FTIR.
numerous studies highlight their efficacy in analyzing
vacuum residue oil [46.43]. NMR spectroscopy is a
powerful tool used to determine the molecular structure,
composition, and chemical bonding in residual oils,
providing detailed insights into the aromatic and
aliphatic content as well as other functional groups. FTIR
spectroscopy. on the other hand, offers a comprehensive
characterization of the chemical composition and
functional groups in VRO, enabling the identification of
various chemical moieties including hydrocarbons,
aromatics, aliphatics, and heteroatoms. These techniques
collectively enhance the understanding of VRO's
structural and functional properties., making them
indispensable in the study and application of vacuum
residue oils.

The characterization of vacuum residue oil is essential
for optimizing its utilization across various industries.
Advanced analytical techniques, including spectroscopic
and chromatographic methods. provide detailed insights
into the complex composition of VRO [16,120]
combined with molecular modeling and SARA analysis.
these techniques provide a thorough comprehension of
the chemical and physical characteristics of VRO [49].
The application of enhanced oil recovery techniques
further emphasizes the need for such advanced
characterization methods. EOR processes can alter the
composition of VRO, making it crucial to understand
these changes to optimize recovery and processing
strategies. By integrating traditional and advanced
analytical techniques, researchers can improve the
efficiency and sustainability of VRO processing.
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contributing to the development of higher-quality and
more environmentally friendly products.

2. Methods for Characterization of Residual Oils
2.1 Characterization Techniques

The characterization of vacuum residue oil is essential
for optimizing its utilization across various industries.
Advanced analytical techniques provide detailed insights
into the complex composition of VRO [121]. These
techniques can be segregated into physical
characterization and chemical property characterization
methods to provide a systematic understandings shown
in Fig 2 and discussed in Table 1.

2.1.1 Physical Characterization Techniques

SARA analysis is a cornerstone for characterizing VRO.
It fractionates the oil info four main components,
allowing for a clearer understanding of the oil's
composition. This segregation shown in (refer Fig 5a, b,
¢) is essential for predicting the behavior of VRO in
different industrial processes and improving the
efficiency of its conversion into valuable products [49].

Molecular modelling procedures simulate the activity of
VRO at the molecular level. These simulations can
forecast VRO's behavior in a variety of scenarios,
offering insights that are challenging to obtain through
experimental methods alone. This technique helps in
understanding the interactions and stability of various
components within the VRO, leading to better process
optimization [16].

The graph shown in Fig 5a. depicts the hydrocarbon
composition of the sample. detailing the weight
percentages of Saturates, Aromatics, Resins, and C7-
asphaltenes. Saturates. comprising slightly over 90%wt.
are the predominant fraction. indicating a sample with a
high concentration of non-polar. saturated hydrocarbons.
This high level of saturates suggests a material with
enhanced stability and lower reactivity, which is
favorable for applications requiring resistance to
chemical  breakdown.  Aromatics,  constituting
approximately  60%wt. represent hydrocarbons
containing one or more aromatic rings, known for their
greater chemical reactivity and potential impact on the
thermal and oxidative stability of the sample. Resins
account for around 70%wt. reflecting the presence of
heavier, polar molecules that can significantly influence
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the viscosity and surface properties of the material.
Lastly, C7-asphaltenes make up about 40%wt of the
sample, indicating a considerable portion of the heaviest
and most complex molecules, which are often associated
with challenges such as precipitation. fouling. and
increased viscosity in petroleum-derived products. The
composition suggests a complex interplay of stable and
reactive hydrocarbon species, with implications for
processing, handling. and end-use applications.

Graph 5b. presents the boiling point distribution of
hvdrocarbon fractions in the sample. highlighting a range
from light naphtha to vacuum gas oil. The light naphtha
fraction. boiling between 30°C and 100°C and composed
of C5 to C7 hvdrocarbons, represents the lightest and
most volatile components. but it constitutes a relatively
small portion of the sample. Moving up the boiling range,
the heavy naphtha fraction, between 100°C and 180°C
(C7 to C10), shows a significant increase in content,
indicating a substantial presence of hydrocarbons
suitable for gasoline production or petrochemical
feedstock. The kerosene fraction. boiling between 180°C
and 240°C (C11 to Cl14), reflects a moderate level of
hydrocarbons commonly used in jet fuel. showcasing the
sample's potential for aviation fuel production.

The diesel fraction. which boils between 240°C and
360°C and consists of C15 to C22 hydrocarbons, is the
most prominent in the sample. indicating a high potential
for diesel production. This suggests that the sample is
rich in middle distillates, making it particularly valuable
for producing diesel fuel. Finally. the vacuum gas oil
fraction. boiling between 360°C and 540°C (C23 to
C46), represents the heavier components of the sample.
This fraction is crucial for further processing in catalytic
cracking units to yield lighter. more valuable products
such as gasoline and diesel. Overall, the distribution
emphasizes the sample's suitability for refining processes
aimed at maximizing the yield of diesel and other middle
distillates.

The chart shown in 5c) illustrates the elemental
composition of the sample in terms of weight percentage
(%wt). Carbon is the dominant element, constituting
87%wt of the total composition. which is typical for
hydrocarbon-based materials. This high carbon content
indicates that the sample is primarily made up of organic
compounds, contributing to its energy-rich nature.
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Hydrogen is the second most abundant element, making
up 14%wt of the sample. The carbon-to-hydrogen ratio
suggests a structure rich in hydrocarbons. which are
crucial for energy production and chemical processing.
Sulfur is present at 9%wt, indicating a significant level
of heteroatoms that may require removal during refining
to meet environmental regulations and to prevent
corrosion in processing equipment. Nitrogen and oxygen
are present in smaller amounts, at 3%wt and 1.5%wt.
respectively. These elements can impact the stability and
reactivity of the sample. with nitrogen contributing to the
formation of NOx emissions and oxygen potentially
leading to oxidative instability.

2.1.2 Chemical
Techniques

Property Characterization

NMR spectroscopy is a powerful tool used to determine
the molecular structure, composition, and chemical
bonding in residual oils. It provides detailed information
on the hydrogen and carbon frameworks of VRO
molecules, revealing the different kinds of chemical
bonds and atom arrangements. This technique is crucial
for understanding the aromaticity, aliphaticity, and the
presence of functional groups in heavy oils [10].

FTIR spectroscopy serves as a powerful tool for
comprehensive characterization of the chemical
composition and functional groups in VRO. It identifies
and quantifies various chemical moieties, including
hydrocarbons. aromatics, aliphatics. and heteroatoms
(see Fig 5a. b. c¢). FTIR provides essential data on the
functional groups present, such as carbonyl. hydroxyl.
and sulfide groups. by offering a fingerprint of the
molecular vibrations within the oil.

GC-MS combines the identification power of mass
spectrometry with the separation capabilities of gas
chromatography to analyze the volatile components of
VRO. This technique is invaluable for identifying and
quantifying the wvarious hydrocarbons and other
compounds present in the oil. It enhances the resolution
and identification of complex mixtures in heavy oils,
making it possible to detect sulfur compounds and
polycyclic aromatic hydrocarbons [116].

The application of enhanced oil recovery techniques
further emphasizes the need for such advanced
characterization methods. EOR processes can alter the
composition of VRO, making it crucial to understand
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these changes to optimize recovery and processing
strategies. By Integrating traditional and advanced
analytical techniques, researchers can improve the
efficiency and sustainability of VRO processing,
contributing to the development of higher-quality and
more environmentally friendly products. This review
highlights the significance of these methodologies in
advancing VRO analysis and optimizing its utilization
across various industrial applications.

2.2 SARA Analysis for Characterizing Residual Oils

SARA analysis is a fundamental technique employed to
characterize the composition of crude and residual oils
by separating them into four distinct fractions shown in
Fig 3, Saturates, Aromatics, Resins, and Asphaltenes
[52]. This method capitalizes on the differences in the
polarizability and polarity of the oil components,
enabling a detailed understanding of the oil’s makeup,
which is crucial for refining processes and predicting the
behavior of oils in various applications [7]. The primary
techniques for performing TLC, HPLC, and gravity-
driven chromatographic separation are examples of
SARA analytical techniques. Every approach has unique
benefits and drawbacks that may influence the outcomes
and how they are interpreted.

[53] complex mixture of hydrocarbon and non-
hydrocarbon components that makes up residue oil has a
boiling point range of about 760°C (for methane) and
carbon numbers varving from 1 to over 100 atoms.
[30,12] The final boiling temperatures of several types of
residual oil have been observed to vary between 1000
and 2000°C using TBP distribution models. The number
of acyclic alkane isomers that are feasible is about 36.7
million at a carbon atom number of 25 (boiling point =
402°C). and 5920 trillion at a carbon atom number of 100
(boiling point = 708°C). Although the precise count of
constituents in a leftover oil mixture is uncertain, if is
likely to surpass one million. For instance. just 5% of the
components in the heaviest proportion of oil—vacuum
residue—that boils at 540°C are known, and the other
95% are still unknown. The analysis of this intricate
mixture poses considerable difficulties for experts in the
petrochemical and refining sectors.

The complex combination is divided into fractions
according to their chemical similarities in order to make
the chemical characterization and comprehension of
leftover oil easier. Using a variety of solvents. eluents,
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and adsorbents, this separation into saturates, aromatics,
resins, and asphaltenes (SARA) is based on the polarity
of these fractions. [39,17]. Using n-heptane or n-pentane,
the asphaltenes are precipitated from the oil mixture as
the initial stage in the SARA fractionation process.
[28.17] After the leftover oil combination has been de-
asphalted, techniques like ASTM D2007, ASTM D4124,
high-performance liquid chromatography (HPLC), or
thin-layer chromatography with flame ionization
detection (TLC-FID; IATROSCAN) can be used to
check for saturates. aromatics, and resinous fractions
[54].

Due to variances in the methodologies. the type of eluent,
and the molecular weight of the solvents, which have a
substantial impact on the relative proportions of each
fraction, there have been documented considerable
disparities between SARA results obtained by ASTM,
HPLC, or TLC-FID procedures. [8] have predicted
different qualities of residual oil. coke production,
asphaltene stability. and other characteristics using the
SARA composition results [19.29]. Many equations of
state rely on the group hydrocarbon composition of
residue oil as input data, and thermodynamic models that
forecast sediment formation during residue oil extraction
and refining are built upon this foundation [73].
Furthermore, the group hydrocarbon makeup of the
feedstock used in different conversion processes to
produce lighter, higher-value products offers important
insights on how these processes work.

Consequently, there is a great deal of practical interest in
researching techniques for determining the SARA
composition of residual oil and its derivatives.
Comparisons are difficult since different researchers
analyze the SARA composition of residual oil and its
byproducts using different analytical methodologies. The
group hydrocarbon composition of extra light. light
medium, heavy, and extra heavy residue oil types, oil
sands, and natural bitumen obtained using various
techniques is covered in this review, which compiles a
substantial body of data published in the literature [87].
It investigates the connections between SARA
composition, residue oil's physicochemical
characteristics, and several indicators that describe how
residue oil behaves during extraction and refining. In this
study. SARA composition in 308 residue oil samples that
represented the following categories: extra light (specific
gravity (SG) < 0.8017). light (0.8017 < SG < 0.835),
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medium (0.8600 < SG < 0.9220), heavy (0.9220 < SG <
1.000)., and ultra-heavy (SG > 1.000). The specific
gravity, aromatic structure content (which is the total of
all fractions containing aromatic carbon, such as
aromatics, resins, and asphaltenes), and group
composition data (SARA) of the 308 residue oil samples
are summarized in (refer Table 2) [20.65]. The
percentage distribution of the five methodologies utilized
for the SARA analysis of residue oil composition for a
database including 308 residue oils from published
sources.

According to the data cited. the HPLC method is the one
that is most frequently used for SARA residue oil
composition analysis. It has been used to analyze the
group hydrocarbon composition of oil sands and natural
bitumens, as well as extra light. light, medium, heavy,
and extra heavy residue oil types [40.41]. The ASTM
D2007 method, which applies to all types of residual oil.
is the second most used approach. The liquid
chromatography approach comes next and has also been
employed to ascertain the SARA composition of each
residual oil group. In terms of SARA technique
application. TLC-FID (Iatroscan) comes in fourth place
[534]. It has been used to analyze light. medium. and
heavv residue oil types using SARA. The modified
ASTM D4124 method, which has also been utilized for
SARA analysis of light, medium, and heavy grades of
residual oil, is the least applied in terms of applicability.

Gravity-Driven Chromatographic Separation:

This traditional method. often guided by ASTM D2007,
utilizes large sample volumes and significant quantities
of solvents. The process involves sequential adsorption
on clay and silica columns to fractionate the oil into its
SARA components. During this process. the oil sample
is first treated to precipitate asphaltenes. which are then
filtered and weighed [26]. The remaining maltenes are
subjected to further separation on adsorption columns.
However, a major limitation of this method is the
potential loss of volatile materials during the separation.
which can lead to inaccuracies in the final composition
analysis. This method is labor-intensive and time-
consuming. but it remains widely used due to its
established protocol and ability to handle large sample
sizes.
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Thin Layer Chromatography (TLC):

Compared to gravity-driven techniques. TLC with flame
ionization detection (TLC-FID) offers a quicker and less
solvent-intensive solution [55]. This method uses quartz
rods coated with silica for separation: the separated
fractions are then detected and quantified using flame
ionization. To characterize AR maltene and its MPLC
fractions, MK-6S (Misthuibish, Japan) and silica
chromarods (Misthuibish, Japan) were employed. To
guarantee data repeatability. several silica rods were
examined concurrently. Initially, methylene chloride was
used to dilute each MPLC phase and AR maltene. A
small volume of each diluted sample was then spotted
onto the TLC silica rods for analysis. After a brief drying
period for the dilution solvents. hexane was eluted to a
specified distance and dried to remove residual solvent.
Subsequently. toluene was eluted to a shorter distance
and dried. Finally., methylene chloride with a small
percentage of methanol was eluted to an even shorter
distance and dried for a brief period.

High-Pressure Liquid Chromatography (HPLC):

HPLC stands out for its ability to provide faster and more
reproducible  results  compared to traditional
chromatographic methods shown in Fig 4. Utilizing NH;
bonded columns, HPLC effectively separates the oil
components without the need for prior removal of
asphaltenes. This method minimizes the loss of volatile
materials, ensuring more accurate quantification of the
fractions. HPLC's precision and efficiency make it
particularly useful for detailed compositional analysis
and research applications where high accuracy is
required. Its reproducibility and reduced solvent usage
further enhance its appeal for modern analytical
laboratories.

The SARA study of three distinct crude oil types is
shown in Fig 4 utilizing ASTM. HPLC, and TLC-FID
analytical techniques. The proportion of volatiles,
saturates, aromatics, resins, and asphaltenes wvaries
significantly amongst the crude oil samples according to
each method. [10,7] For A-95 crude oil, the ASTM
method indicates a high saturate content of
approximately 60 wt%. with low volatile content around
10 wt%, and minimal amounts of aromatics, resins, and
asphaltenes. The HPLC method, however. shows a more
balanced profile with moderate volatiles at about 25 wt%
and saturates at roughly 35 wt%, while the amounts of
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aromatics and resins remain low. The TLC-FID method
reveals a significantly higher volatile content of about 50
wi%, with moderate saturates around 20 wt% and
similarly low levels of aromatics, resins, and asphaltenes.
C-LH-99 crude oil follows a similar trend. The ASTM
method reports high saturates (~55 wt%) and low
volatiles (~15 wt%). with minimal aromatics and resins.
HPLC results show increased volatiles (~30 wt%) and
reduced saturates (~25 wt%). TLC-FID indicates high
volatiles (~45 wt%) and moderate saturates (~25 wt%).
C-R-00 crude oil demonstrates substantial variation
among methods [54]. ASTM shows high saturates (~60
wi%), low volatiles (~15 wt%), and negligible aromatics
and resins. HPLC and TLC-FID methods reveal
moderate volatiles and saturates (~35 wit% and ~25 wt%,
respectively) [55].

S-Ven-39 crude oil exhibits high saturates (~30 wt%) and
low volatiles (~20 wt%) according to ASTM. HPLC and
TLC-FID indicate increased volatiles (~35 wt%) and
moderate saturates (~30 wt%). [55] SQ-95 crude oil
shows high saturates (~55 wt%) and low volatiles (~20
wi%) with ASTM. HPLC and TLC-FID reveal higher
volatiles (~40 wt%) and moderate saturates (~25 wt%).
Tensleep-99 crude oil follows the trend of high saturates
(~60 wi%) and low volatiles (~15 wt%) with ASTM.
HPLC and TLC-FID show moderate volatiles (~30 wt%)
and saturates (~25 wit%).

2.3 Advanced Analytical Techniques for Residual
Oil Characterization

Advanced analytical techniques have -catalyzed a
paradigm shift in residual oil characterization,
transcending  the  limitations of conventional
methodologies. Amidst the vast array of traditional
approaches, HRMS has emerged as a transformative
force. similar to mass spectrometry and gas
chromatography. HRMS's capacity for accurate mass
measurement facilitates the discernment of intricate
molecular structures within residual oil matrices,
offering unparalleled resolution and sensitivity. In
addition. two-dimensional gas chromatography (2D-GC)
has become a powerful instrument for deciphering
residual oil compositions. By its comprehensive
separation capabilities, 2D-GC enables the dissection of
highly intricate mixtures, surpassing the limitations of
conventional GC techniques. Complementing these
advancements, NMR stands out for its non-destructive
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probing of molecular architectures and functional groups
present in residual oils [46,56]. Leveraging the inherent
magnetic properties of nuclei. NMR affords
unprecedented insights into the chemical bonding and
composition of residual oil constituents [22.23].
Pyrolysis gas chromatography-mass spectrometry (Py-
GC/MS). on the other hand, provides a unique thermal
decomposition-based method, facilitating  the
identification and characterization of biomarkers and
heteroatoms within residual oil samples [66]. These
advanced techniques find versatile applications across
diverse sectors, including petroleum refining,
environmental monitoring, and biofuel production
[79.88]. Their integration not only enhances process
efficiency and product quality but also fosters strides
towards environmental sustainability. As the trajectory
of analytical innovation continues unabated. ongoing
advancements in instrumentation and interdisciplinary
collaborations  hold the promise of further
revolutionizing residual oil characterization. driving the
frontiers of knowledge in this critical domain.

UV-Visible Spectroscopy (UV-VIS) is used for
structural analysis, identifying asphaltenes. mono- and
bicyclic hydrocarbons. and metal binding within the oil
[67]. Infrared Spectroscopy (IR) focuses on molecular
characterization. assessing the degree of aromaticity.,
identifying hydrocarbon compounds. and dividing the oil
into SARA fractions. It also measures API gravity,
viscosity, density, and sulfur speciation. Oil shale and
additives, asphaltenes, hydrocarbon chemicals, and
molecular vibrations can all be examined using GC-MS.
Molecular vibrations. the structural state of carbon in
bitumen and kerogens. distillation fractions. mono- and
bicyclic hvdrocarbons. and asphaltene dimensions are all
examined using TLC-FID. Viscosity. asphaltenes.
hydrocarbon compounds, soluble fractions. molecular
structures. and atom counts can all be precisely
determined using NMR. Together. these methods
provide a thorough characterization of crude oils, aiding
in their analysis and processing.

HRMS is an analytical technique that provides accurate
mass measurement of ions, which is essential for
identifving complex molecular structures and
characterizing trace components in residual oils. This
high level of precision allows for the detailed analysis of
minute constituents within a sample. 2D-GC offers
comprehensive separation of components. making it
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highly effective for resolving complex mixtures in
residual oils. Its enhanced peak capacity facilitates a
more detailed analysis compared to traditional gas
chromatography. allowing for the identification of
individual compounds within a complex matrix. NMR
detects NMR signals from nuclei, enabling the
determination of molecular structure. composition, and
chemical bonding in residual oils [46]. The process of
pyrolysis Py-GC/MS. or gas chromatography mass
spectrometry, uses heat to break down samples in order
to identify biomarkers. heteroatoms, and important
constituents in lefiover oils [50] as discussed in Table 3.
By breaking down the sample into smaller fragments, Py-
GC/MS can reveal detailed information about the
chemical makeup and origins of the oil components,
making it a powerful tool for oil analysis. Together, these
techniques offer a comprehensive suite of methods for
the detailed analysis and characterization of residual oils,
providing insights into their composition. structure, and
chemical properties.

2.4 Residual Oil Characterization
Molecular Modelling Processes

through

Residual oil characterization via molecular modeling
processes represents a sophisticated approach leveraging
computational techniques to elucidate the structural and
chemical properties of residual oil components.
Molecular modeling methods encompass a diverse array
of computational tools, comprising molecular dynamics
(MD), quantum mechanics (QM)., and molecular
mechanics (MM), each of which provides a different
perspective on the behavior and interactions of molecules
inside residual oil matrix. Techniques rooted in quantum
mechanics. like density functional theory (DFT) and ab
initio computations, provide precise electronic structure
and energefics prediction shedding light on the
molecular-level mechanisms underlying  various
chemical processes within residual oils [71]. Molecular
mechanics approaches, on the other hand. employ
simplified empirical force fields to simulate the
conformations and interactions of complex molecular
assemblies. facilitating the exploration of conformational
landscapes and intermolecular forces governing residual
oil behavior. Molecular dynamics simulations further
augment these capabilities by providing a dynamic
perspective on molecular motion and kinetics, enabling
the study of phenomena such as diffusion. phase
transitions, and reaction pathways in residual oil systems
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[3]. The integration of molecular modeling techniques
with experimental data, such as spectroscopic analyses
and chromatographic profiles, allows for the refinement
and validation of computational models, enhancing their
predictive accuracy and reliability. Through the synergy
of computational and experimental approaches,
molecular modeling processes plav a pivotal role in
advancing our understanding of residual oil composition,
reactivity. and behavior, with profound implications for
applications spanning petroleum refining, environmental
remediation, and renewable energy production [50,88].

3. Investigating the Impact of Enhanced Oil
Recovery (EOR) Techniques on Residual Oil
Composition

Enhanced Oil Recovery methods significantly influences
both the molecular and macroscopic properties of
residual hydrocarbons in oil reservoirs [9.93]. This
investigation evaluates the effects of wvarious EOR
techniques, including thermal methods like steam
flooding and in-situ combustion. These reduce oil
viscosity and cause thermal cracking of long-chain
hydrocarbons into lighter fractions. potentially affecting
asphaltene stability [73.79]. Chemical EOR techniques,
such as polymer flooding. surfactant flooding, and
alkaline flooding. involve injecting chemicals that
improve oil mobility and alter the wettability of the
reservoir rock. leading to changes in molecular
composition, emulsification. and interfacial tension. Gas
injection methods. like CO-: and nitrogen injection. cause
oil swelling, reduce viscosity, and alter phase behavior,
enhancing oil displacement. These EOR techniques
induce specific changes in the residual oil’s molecular
structure, including wvariations in hydrocarbon chain
lengths, aromaticity, and asphaltene precipitation, as well
as alterations in physical properties like viscosity,
density. and interfacial tension [51].

4. Characterization of Heavy Oil Aromatic
Fraction

4.1. High-Performance Liquid Chromatography
(HPLC)

Analyzing vacuum residue oil using HPLC involves a
detailed process to separate and identify its complex
mixture of high-boiling point hydrocarbons [107.81].
Initially, the vacuum residue oil sample is diluted in an
appropriate solvent, typically toluene. to facilitate
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injection into the HPLC system. To remove particulates,
the sample may undergo additional clean-up steps. such
as filtration or centrifugation. In the HPLC system. the
sample is injected info a column packed with a suitable
stationary phase. The choice of stationary and mobile
phases is critical. often utilizing reverse-phase HPLC due
to the non-polar nature of many components in vacuum
residue oil. As the sample components are transported
through the column by the mobile phase, they are divided
into groups according to how they interact with the
stationary phase. Detection is typically achieved using a
UV-Vis or refractive index detector, capable of
identifying and quantifying the various fractions. The
resulting chromatogram provides detailed information
on the composition of the vacuum residue oil. including
the presence and concentration of asphaltenes, resins.
aromatics, and saturates, facilitating a comprehensive
analysis of its chemical properties [101].

4.2. Identification and Quantification of Polynuclear
Aromatic Hydrocarbons (PAHs)

The main theme of the survey on the latest in-depth
techniques for the analysis of vacuum residue oil focuses
on the identification and quantification of polynuclear
aromatic hydrocarbons within this complex matrix.
PAHs are significant due to their environmental impact
and health risks, necessitating precise analytical
methods. In order to fully characterize PAHs in vacuum
residue oil. the survey assesses sophisticated techniques
as FTIR, GC-MS, and HPLC. [57.58] These techniques
provide high sensitivity and specificity, enabling the
detection of trace levels of PAHs amidst a background of
heavy hydrocarbons [59]. The study focuses on the
developments in sample preparation techniques that
improve the effectiveness and precision of PAH analysis.
such as solid-phase extraction (SPE) and accelerated
solvent extraction (ASE). Additionally, the survey
examines the integration of hyphenated techniques, like
HPLC-MS and GC-MS/MS. offering comprehensive
insights into the molecular composition of vacuum
residue oil [60]. This technical evaluation aims to inform
the development of more effective analvtical protocols,
ensuring better environmental monitoring and risk
assessment of PAHs in heavy oil fractions [47].

4.3. Molecular Fragmentation Analysis

molecular fragmentation analysis emerges as a pivotal
tool for elucidating the complex molecular composition
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of this heavy oil fraction [74]. By subjecting vacuum
residue oil samples to mass spectrometry and analyzing
the resulting fragmentation patterns. researchers can gain
crucial insights into the structural characteristics and
chemical constituents present in the oil. This method
makes it possible to identifv and measure a wide range
of substances. such as species that contain heteroatoms,
polynuclear aromatic hydrocarbons. and other
complicated organic molecules. which are often
challenging to characterize using conventional analytical
methods. The ability to precisely determine the
molecular composition of vacuum residue oil is
paramount for understanding its properties. behavior,
and environmental impact [60]. As such. molecular
fragmentation analysis stands as an indispensable
component of the analytical toolkit for investigating
vacuum residue oil and developing strategies for its
efficient utilization and environmental management [60].

4.4. API-Mass Spectra Examination

The examination of API-mass spectra holds significant
relevance within the context of the survey on the latest
in-depth techniques for the analysis of vacuum residue
oil. Vacuum residual oil contains complex chemical
components, and one effective analytical method for
determining their molecular makeup is atmospheric
pressure ionization mass spectrometry, or API mass
spectrometry. By subjecting the oil samples to API-mass
spectrometry, researchers can obtain  detailed
information about the mass-to-charge ratios of ions
generated from the oil's molecular components.
Numerous substances. such as heteroatom-containing
species. polvnuclear aromatic hydrocarbons. and other
organic molecules found in the vacuum residue oil. can
be identified and measured using this technique. The
examination of API-mass spectra enables the elucidation
of structural features. functional groups. and molecular
fragments within the oil, providing crucial insights into
its chemical composition and properties. Therefore. API-
mass spectra examination serves as a vital technique in
the comprehensive analysis of vacuum residue oil,
contributing to our understanding of its complex
molecular makeup and facilitating informed decision-
making in various industrial and environmental
applications.
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5. Structural Analysis of Vacuum Residue

5.1. Nuclear Magnetic
Spectroscopy

Resonance (NMR)

NMR spectroscopy is a powerful analytical tool used to
gain detailed structural insights into the molecular
composition of wvacuum residue oil [32]. NMR
characterize the chemical environment of nuclei within
the oil's molecular structure, providing -crucial
information about aromaticity. aliphatic chains. and the
presence of heteroatoms.

This detailed characterization discussed in Table 4. is
essential for understanding the complex properties and
behavior of vacuum residue oil, which in turn informs the
development of more efficient processing methods.

Additionally, NMR spectroscopy offers insights into
molecular  connectivity, stereochemistry, and
conformational dyvnamics. revealing the intricate
molecular architecture of vacuum residue oils. This
ability to dissect the molecular structure has significant
implications for industrial applications. such as
improving refining processes. enhancing environmental
management strategies. and optimizing quality control
measures. Specifically. NMR analysis has shown that
understanding the distribution and interaction of various
chemical functionalities within vacuum residue oil can
lead to more targeted and effective processing
techniques, reducing environmental impact and
improving product quality.

5.2. FTIR

FTIR spectroscopy is intricately linked to the survey on
advanced techniques for analyzing vacuum residue oil
[34]. In this survey. FTIR spectroscopy serves as a
powerful tool for the comprehensive characterization of
the chemical composition and functional groups present
in vacuum residue oil [94]. By subjecting oil samples to
FTIR analysis, researchers can obtain detailed
information about the vibrational modes of molecular
bonds present in the oil [76]. This technique allows for
the identification and quantification of various chemical
moieties, including hydrocarbons, aromatics, aliphatics,
and heteroatoms. Moreover, FTIR spectroscopy provides
valuable insights into the presence of functional groups
such as carbonyl. hydroxyl. and sulfide groups, which are
essential for understanding the reactivity and properties
of vacuum residue oil. Examination of FTIR spectra
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enables researchers to elucidate the molecular structure,
composition, and properties of vacuum residue oil,
thereby facilitating the development of -efficient
processing methods, environmental management
strategies, and quality control measures in wvarious
industrial applications [43] (see Table 5.)

FTIR spectroscopy is a crucial analytical tool for
characterizing the chemical composition and functional
groups in vacuum residue oils [33]. Studies have shown
that FTIR provides detailed information about the
vibrational modes of molecular bonds. enabling the
identification and quantification of various chemical
moieties, including hydrocarbons, aromatics. aliphatics,
and heteroatoms [94]. This capability is essential for
understanding the reactivity of these oils. particularly in
identifying functional groups such as carbonyl, hydroxyl.
and sulfide, which play a significant role in oil
processing and stability.

Moreover, FTIR has proven effective in detecting trace
contaminants and offering enhanced sensitivity to minute
compositional changes during oil processing, making it
invaluable for quality control and environmental
assessments. The correlation between FTIR data and
physical properties like viscosity and density allows for
a more comprehensive understanding of oil behavior.
which is critical for optimizing processing methods and
ensuring  environmental compliance.  However.
challenges remain in fully leveraging FTIR for real-time
monitoring and in developing standardized protocols for
its application across different types of heavy oils [72].

5.3. GCMS

GC-MS serves as a cornerstone for the comprehensive
characterization of the complex molecular composition
of vacuum residue oil discussed in Table 6 [92]. GC-MS
allows the isolation and identification of specific
components within the oil sample based on their mass
spectra and retention times by combining gas
chromatography and mass spectrometry. This method
makes it possible to identifv and measure a wide range
of substances. such as heteroatom-containing species,
polynuclear aromatic hydrocarbons (PAHs). and other
organic molecules present in vacuum residue oil
Additionally, GC-MS provides valuable insights into the
molecular weight distribution. structural features, and
chemical functionalities of the oil constituents. The
examination of GC-MS spectra enables researchers to
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unravel the intricate molecular architecture of vacuum
residue oil. facilitating the development of efficient
processing methods. environmental management
strategies, and quality control measures in various
industrial applications.

GC-MS techniques have significantly enhanced the
analysis of wvacuum residue oils, enabling the
development of methods for detailed hydrocarbon
profiling. discuss new GC-MS techniques that provide
comprehensive data on vacuum residues. leading to a
deeper understanding of their composition [103]. The
resolution and identification have improved capabilities
of GC-MS for complex mixtures in heavy oils, essential
for accurate characterization of these challenging
materials [99]. The application of GC-MS in oil refinery
product analysis, which enhances the detection of sulfur
compounds and polycyclic aromatic hydrocarbons, thus
aiding in quality control and refining processes [100].
The use of comprehensive two-dimensional GC-MS
(GC=xGC-MS) by facilitates the separation and
identification of high-boiling compounds in vacuum
residues, providing detailed compositional insights [98].
Focus on the optimization of GC-MS techniques,
introducing new methodologies for sample preparation
and chromatographic conditions, which improve the
analysis of petrochemical products [112]. A detailed
study provided on the biomarker composition of vacuum
residues, offering insights into their origins and chemical
characteristics, vital for geochemical and environmental
studies [35]. Research by reveals the chemical
complexity and molecular weight distribution in oil
sands vacuum residue, contributing to a better
understanding of these resources. A Review on recent
advancements in GC-MS instrumentation and
techniques, highlighting significant improvements in
analyzing heavy oil fractions and reflecting the ongoing
evolution in this field [59]. The application of GC-MS
for sulfur compound analysis in vacuum residues,
allowing for the identification and quantification of
various sulfur-containing compounds. important for both
environmental and industrial applications [31]. Finally,
provided a comprehensive profiling of products obtained
from heavy oil upgrading processes using GC-MS,
offering valuable data for optimizing these processes and
improving product quality [112].
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6. Chromatographic Techniques
6.1. TLC-FID for Purity Confirmation

TLC-FID is highly relevant. particularly when discussing
sophisticated methods of vacuum residue oil analysis.
This method offers a rapid and effective means to
confirm the purity of various compounds present in the
oil sample. TLC separates individual components based
on their affinity to the stationary phase, followed by
visualization using a suitable detection method, in this
case, Flame Ionization Detection. FID provides
quantitative information about the separated compounds
by measuring the ions generated upon combustion. thus
enabling the determination of purity levels. In the
analysis of vacuum residue oil. TLC-FID aids in
confirming the absence of impurities or contaminants
that may compromise the quality or performance of the
oil. This technique is particularly valuable in quality
control processes. ensuring that the oil meets specified
purity standards for its intended application. Therefore,
TLC-FID emerges as a crucial tool for purity
confirmation within the realm of advanced analytical
techniques for vacuum residue oil analysis. contributing
to quality assurance and product integrity in various
industrial sectors.

The evaluation of vacuum residue oil purity has seen
significant advancements through improved TLC-FID
methods, offering higher sensitivity and more accurate
assessments of purity [104]. The development of
advanced TLC-FID protocols has enabled precise purity
measurements in heavy oil fractions. addressing the
complexities inherent in these materials [121]. Enhanced
resolution and quantification of various components in
crude oil residues have been achieved using TLC-FID, as
demonstrated in studies that optimize these methods for
better analytical outcomes [102]. Novel approaches for
purity confirmation in petrochemical products through
optimized TLC-FID methods have provided more robust
and reliable results, facilitating better quality control
[97]. The continuous monitoring of purity levels during
oil refinery processes has been improved by the
application of TLC-FID. enabling real-time quality
assessment and process optimization [113]. Detailed
characterization of heavy oil fractions and their purity
assessment using TLC-FID has provided critical insights
into their composition, supporting more -efficient
utilization and processing of these resources discussed in
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Table 7 [104]. Recent advancements in TLC-FID
techniques have enhanced the analysis and purity
confirmation of petrochemicals, reflecting ongoing
improvements in this field [105]. For the purpose of
separating and verifying the purity of crude oil
components, high-resolution TLC-FID techniques have
been developed. which provide increased accuracy and
dependability [55]. The utilization of TLC-FID for purity
confirmation in oil sands-derived vacuum residues has
highlighted its effectiveness in handling complex
matrices found in these materials [60]. Finally,
comprehensive studies on the use of TLC-FID for
analyzing and confirming the purity of vacuum residue
oil have consolidated its role as a crucial tool in
petrochemical analysis, providing detailed and accurate
data essential for industry applications [59].

6.2. Molecular Weight Analysis using GPC

Molecular Weight Analysis using GPC is a vital
technique within the scope of advanced analyses for
vacuum residue oil. GPC is adept at determining the
distribution of molecular weights present in the oil
sample. Using this technique. molecules are separated
according to size as they move through a porous gel
matrix. Smaller molecules take longer to elute than larger
molecules, which elute earlier. Detection methods such
as refractive index or ultraviolet absorption allow for the
quantification of the separated fractions. In the analysis
of vacuum residue oil, GPC provides essential insights
into the distribution of molecular sizes, helping to
characterize the complexity of the oil's composition. By
determining the average molecular weight and
polydispersity index, GPC facilitates the assessment of
the oil's suitability for various industrial applications
[44]. Moreover. it aids in understanding the relationship
between molecular size and properties such as viscosity,
thermal stability, and solubility. Thus, molecular weight
analysis using GPC stands as a critical technique for
gaining a comprehensive understanding of vacuum
residue oil, guiding formulation, processing, and quality
control efforts in the petroleum industry [108].

7. Discussions

The published reviews on characterization of residual
oils highlights significant differences in the methods and
results. For instance, the study emphasizes the
importance of SARA analysis in understanding the
properties of vacuum residual oils [15]. It notes that the
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correlation between density and refractive index is
strong. indicating a strong correlation between these
properties. In contrast, other studies, focus on the use of
advanced analytical techniques like petroleomics and
molecular modeling to better understand the composition
and properties of heavy petroleum mixmres [80].
Additionally. research explores the thermal cracking
behavior and viscosity prediction of vacuum residues,
highlighting the need for more comprehensive
approaches to understanding residual oil properties [67]
and [128]. These differences in focus and methodology
underscore  the complexity of residual oil
characterization and the need for diverse approaches to
fully understand these complex mixtures.

A comprehensive overview of the challenges in
petroleum characterization [17]. The authors discuss the
various methods used to analyze petroleum crude oils,
highlighting the importance of understanding the
chemical nature of these complex substances. The article
emphasizes that petroleum properties vary widely,
making it difficult to measure them using a single
standard method. It highlights the importance of
understanding these variations to optimize oil refining
processes and improve profitability. The authors discuss
the use of the SARA (Saturates, Aromatics, Resins, and
Asphaltenes) characterization method to analyze
petroleum crude oils, and examine the application of the
additive rule to predict asphaltene content from vacuum
residue and TBP yield, which was found to be effective.
The article also discusses the importance of accurate
TBP (True Boiling Point) distillation data in refining
processes, as it affects refining margins, and highlights
the need for reliable TBP analysis to avoid
underestimation or overestimation of refining margins.
which can lead to incorrect crude oil selection. The
authors examine the use of various analytical techniques,
including chromatography. spectroscopy. and mass
spectrometry, as well as chemometric approaches and
modeling methods. The article emphasizes the
significant impact of petroleum characterization on oil
refining processes and the need for innovative techniques
to improve profitability. as well as the importance of
environmental regulations and the need for oil refining
processes to be environmentally friendly.
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8. Summary

The thorough examination of residual oils in this review
makes it clear that there has been a substantial evolution
in the characterization of VRO complex substances over
time. The field started out with simple measurements of
chemical and physical properties and has since advanced
to more complex methodologies including molecular
modeling. SARA analysis. and instrumental procedures.
These developments have made it possible to
comprehend  residual oils' composition  and
characteristics better. which is essential for maximizing
their use in a variety of industrial applications. Among
these developments. SARA analysis stands out as a key
technique that makes it easier to separate residual oils
into four fractions: saturate, aromatic, resin, and
asphaltene. The behavior and possible uses of these oils
are significantly influenced by each fraction. The
molecular weight ranges for the various SARA fractions
are as follows: saturates (350 < MW < 870) < aromatics
(440 < MW < 1100) < resins (790 < MW < 1850) <
asphaltenes (990 < MW < 20950). These wvariations
highlight the complexity and diversity of residual oils.
These ranges demonstrate the wide variety of molecule
structures that are present and their important influence
on the characteristics of oil.

Crucially, the origin of the vacuum residual oil affects
the composition of SARA fractions. which in turn affects
attributes like density, hydrogen content, and Conradson
carbon concentration. This diversity suggests that in
addition to SARA analysis, careful consideration of the
residual oils' provenance and the particular analytical
techniques used are also necessary for a complete
characterization of the oils. The observed differences in
molecular weight among various oils highlight the
necessity of customized analytical methods to
completely understand their makeup and function.
Beyond SARA analysis. sophisticated analytical
methods have become essential for gaining molecular-
level understanding of heavy oils. such as FT-ICR Mass
Spectrometry. These methods are critical for creating
comprehensive kinetic models that are necessary for
industrial residue conversion process optimization.
Despite these developments, the high viscosity, low
volatility, and melting point of vacuum residual oils
continue to pose difficulties for reliable analysis.
frequently producing unexpected results in simple
physical property evaluations. Although residual oil
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characterization has advanced significantly, more study
and technical advancement are needed to solve lingering
issues and deepen our understanding. For chemical
engineers working in commercial residual oil conversion
units, further developments in analytical methodologies
are essential to their ability to efficiently optimize
conversion operations. In the end. thorough residual oil
characterisation promotes the efficient and sustainable
use of these priceless resources in the global energy
landscape in addition to improving industrial
applications.

9. Future Directions and Challenges

Future directions and challenges in the analysis of
vacuum residue oil present exciting opportunities for
advancement in the field.

» One promising direction involves the integration of
advanced spectroscopic and chromatographic
methods that improve data analysis and interpretation
using artificial intelligence and machine learning
algorithms. This interdisciplinary approach holds the
potential for more accurate and efficient
characterization of complex oil matrices. enabling
deeper insights into their chemical composition and
properties.

» Additionally, further research efforts could focus on
developing novel analytical methods capable of
addressing specific challenges associated with

residue  oil analysis, such as the
characterization of high molecular weight
compounds and the detection of trace-level
impurities. Moreover. the exploration of greener and
more sustainable analytical approaches. such as green
chromatography and spectroscopy. could contribute
to reducing the environmental footprint of oil
analysis processes. However, several challenges
remain, including the development of standardized
protocols for vacuum residue oil analysis. the
optimization of analytical techniques for real-time
monitoring in industrial settings, and the
interpretation of complex data obtained from
advanced analytical instruments.

vacuuin
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Figures and Tables

VRO is subjected to hydrocracking or catalytic cracking to |
produce diesel, a vital transportation fuel.

¥

VRO is processed to produce diesel fuel
and bunker fuel for marine transportation

providing high energy density for heavy-duty vehicles and
ships.

Figure 1. Positive perspectives for utilization of VRO
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Figure 3. a. SARA analysis of various crude oils b. Fractions presents in the respective analysis.
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ARTICLE INFO ABSTRACT

Keywords: Preparation of graphitic carbon from low value refinery waste has captivated immense interest in past years
ARA analysis owing to its low cost and abundant nature. Successful utilization of petroleum vacuum residue is a major
Characterization

challenge in the petroleum industry. In this study pyrolysis of vacuum residue fractions has been carried out for
the preparation of graphitic carbon like material. The vacuum residue fractions were obtained from three
different crude oils originated from Middle East, Canada and South America. The purity of the Aromatic, Resin
and Asphaltene (ARA) fractions were confirmed using TLC-FID which denoted complete separation. The
chemical composition were determined using elemental analysis and it revealed ARA fractions to be carbon rich
regardless of its origin. Further, sulphur content was found to be high in ARA fractions from Heavy Crude oil
(HCO). The degree of polymerization and molecular weight measured using GPC specify that asphaltene has high
accumulation with high molecular weight compared with aromatic and resins. ARA derived carbon and heat-
treated materials were analysed by TGA, XRD and Raman spectroscopy to study microstructural changes in
formation of graphite like material. Thermogravimetric analysis of all ARA samples revealed the different
decomposition stages for pyrolyzed, calcined and graphitized samples. The results of XRD demonstrated that the
distance between the planes (d-spacing) is above 3.35 A for all high temperature treated ARA derived carbon
materials irrespective of its origin, indicating formation of graphite like structure. In Raman analysis, the nature
and intensity of G and D bands evolution during each step of pyrolysis is supporting XRD results for formation of
highly ordered graphitic carbon material. Furthermore, understanding feed quality has direct influence on high
efficiency, low costs and sustainability, the major issues for oil refinery business.

'H and *C NMR
Vacuum residue
Graphitic carbon

1. Introduction

Oil reserves play a vital role in uplifting overall economy and hence
petroleum is a key element of modern civilization. Its constant demand
has increased the cost of refinery in world. The refineries major cost
comes from crude oil procurement. Investigating innovative method to
refine heavy oil to highly sought light oil is one promising way to cut
down refinery costs. Though there are sophisticated methods a clear
knowledge is still not achieved to understand the elaborate chemistry of
petroleum. In general, it is understood that a diverse oil characterization
is required to confront the challenge of crude oils complex nature [1]. In
this regard numerous characterization studies on bulk physical and
chemical properties; and on SARA analysis for crude oil have attracted
more attention [2-5].

GPC is a common method for the estimation of molecular weight

distributions of asphaltene [6]. Gel permeation chromatography of the
crude oil provides the benefit of short analysis time and offers reliable
data on molecular weight distribution and its evaluation [7]. N. Alawani
et al. [1] have used gel permeation chromatography to obtain chemi-
cally well-defined fractions on the separation of crude oils. B. Azinfar
et al. [8] used both simulated distillation and GPC for a better insight of
the molecular weight distributions of complex mixtures. Likewise,
fractionation technique with combined separation power of TLC and a
universal detector FID accompanied with the simplicity, short duration
and low demand for hazardous solvents has made TLC-FID superior for
the investigation of a wide spectrum of organic compounds [9,10].
TLC-FID is used extensively for measuring aromatic and saturated hy-
drocarbons, and asphaltene/resin extracts in solvent fractions of crude
oils, petroleum source rocks, and reservoir rocks [11,12].
Furthermore, carbon, hydrogen, nitrogen, sulfur and oxygen

Abbreviation: ARA, aromatic resin and asphaltene; EHCO, extra heavy crude oil; LCO, light crude oil; HCO, heavy crude oil; TLC-FID, Thin layer chromatography
and flame ionization detection; GPC, Gel Permeation Chromatography; FT-ICR, Fourier transform ion cyclotron resonance mass spectrometry.
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Fig. 1. a) Schematic of Soxhlet extractor for asphaltene separation and b) ARA fraction characterized in this study.
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Fig. 2. Weight distribution of aromatic, resin and asphaltene (ARA) fractions for the three vacuum residues.

Table 1
Properties of vacuum residue fractions extracted from the crude oils under
investigation.

Characteristics LCO HCO EHCO
Pour point (wt. %) 60 118 139
CCR (wt. %) 22.7 29.3 35.1
Density (g/ml) 1.0339 1.0801 1.0856
Total carbon (wt. %) 83.8 82.87 85.06
Total Hydrogen (wt. %) 11.2 9.38 10.04
Total Nitrogen (wt. %) 0.66 0.77 1.01
Total Sulphur (wt. %) 3.68 6.17 3.54
Total Oxygen (wt. %) 0.66 0.81 0.35
Heteroatoms (wt. %) 5.00 7.75 4.90
C/H ratio 7.48 8.83 8.47
Total Metals (wt. ppm) 137 718 1464

(CHNSO) are few of the usually identified elements in crude oil which
influence the fuel product properties. For example, sulfur content is one
of the significant corrosive media in crude oil [13]. Similarly,
nitrogen-containing compounds create problem such as deactivation
and inhibition of acid catalyst, corrosion related to acid-base pair, and
metal complexation [14]. Therefore, it is a common practice of
elemental analysis for determination of CHNSO content in petroleum
products. In the same way organometallic complexes are formed by the
presence of metallic particles which tends to be significant precursors in
the asphaltenes precipitation during the refining processes. ICP-OES is

broadly implemented in the petrochemical industry for the examination
of trace elements during refining of crude oil [15,16]. Ash content a
measure of inorganic impurities in the crude oil which affects boiler
efficiency is also determined by ICP-OES [17,18].

In recent years, mass spectrometry serves as a basic approach for the
accurate analysis of mass and structure of crude oil components
[19-21]. J.M. Santos et al. [19] have shown SARA fractionation analysis
by FT-ICR MS has allowed the individual fraction and selective chemical
of the crude oil components characterization. Likewise, P. Juan et al.
[20] have established the usage of FT-ICR MS as a potential tool in
combination with supercritical fluid extraction fractionation to study
molecular composition of the vacuum residue. Similarly, Z. Farmani
et al. [21] have gained a clear image of the neglected fractions in crude
oil studies and the saturate fraction by ultrahigh resolution mass spec-
trometry. Due to the occurrence of significant amount of compounds in
crude oil, various ionization methods such as atmospheric pressure
chemical ionization, electrospray ionization are employed for complex
mixture analysis [22,23]. API- MS delivers option to handle the complex
nature of crude oil by grouping compounds on the basis of heteroatom
content, and designating molecular formulae [24].

In the same manner nuclear magnetic resonance and fourier trans-
form infrared spectroscopy are utilized widely for the compositional
inspection of crude oil. FTIR has been applied broadly for the structural
determination of asphaltene [25-27]. M. Asemani et al. [27] performed
geochemical correlation of different oil samples from four oil fields by
applying FTIR spectroscopy to identify and relate asphaltene structures.
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Fig. 3. TLC-FID chromatograms of the isolated a) aromatic, b) resin and c¢) asphaltene fractions, d) Conradson carbon residue prediction and e) density chart of
ARA analysis.

Table 2
Origin based elemental analysis for extracted aromatic, resin and asphaltene.
Elemental Analysis AROMATIC RESIN ASPHALTENE
LCO HCO EHCO LCO HCO EHCO LCO HCO EHCO
Total Carbon (wt. %) 85.24 83.11 85.41 84.91 82.88 85.09 84.51 82.20 86.71
Total Hydrogen (wt. %) 10.97 9.86 9.91 9.96 9.00 9.52 8.91 7.38 7.58
C/H ratio 7.77 8.43 8.62 8.53 9.21 8.94 9.48 11.14 11.44
H/C ratio 0.12 0.12 0.10 0.12 0.11 0.11 0.11 0.09 0.09
Total Nitrogen (wt. %) 0.41 0.39 0.72 0.97 1.09 1.32 1.56 1.36 1.65
Total Sulphur (wt. %) 2.7 5.78 3.18 3.06 6.25 3.34 3.53 8.34 3.97
Total Oxygen (wt. %) 0.61 0.86 0.78 1.10 0.78 0.73 1.49 0.72 0.09
Heteroatoms (wt. %) 3.72 7.03 4.68 5.13 8.12 5.39 6.58 10.42 5.71
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Fig. 4. Plot showing total metal and ash content in origin based ARA fractions.
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Table 3
'H NMR protons distribution of ARA fractions.
NMR Types 8 position AROMATIC RESIN ASPHALTENE
LCO MCO HCO LCO MCO HCO LCO MCO HCO
1H NMR Hal; y 0,1-1,1 18,08 22,59 21,63 17,14 18,39 17,98 33,42 17,15 22,25
Hal; p 1,2-2,1 47,65 55,03 44,54 47,00 52,01 45,55 37,83 55,50 56,07
Hal; « 2,2-4,0 18,00 10,82 23,29 22,59 18,68 20,70 13,35 17,81 13,29
Har mono aromatic rings 6,0-7,1 7,87 6,22 5,16 5,03 4,99 4,96 9,22 4,65 3,46
Har of di, tri and tetra aromatic rings 7,3-9,0 8,39 5,34 5,38 8,23 5,94 10,80 6,18 4,89 4,94
Total aliphatic hydrogen 0,4-4,0 83,73 88,44 89,46 86,73 89,08 84,23 84,60 90,46 91,61
Total aromatic hydrogen 6,0-9,0 16,26 11,56 10,54 13,26 10,93 15,76 15,40 9,54 8,40
Table 4
13C NMR protons distribution of ARA fractions.
NMR Types 8 position AROMATIC RESIN ASPHALTENE
LCO MCO HCO LCO MCO HCO LCO MCO HCO
3¢ NMR Methyl of carbon to aliphatic or alkyl chain 10-20 11,51 13,24 3,34 12,79 8,79 8,40 7,48 13,08 4,76
Methylene of carbon to aliphatic or alkyl chain 20-25 11,51 8,68 13,04 9,30 9,56 13,20 7,48 8,41 9,52
Methylene group attached to aromatic ring 25-40 9,71 36,53 42,14 41,67 49,35 50,80 33,18 35,98 71,43
CH of aromatic compounds 110-160 67,27 41,55 41,47 36,24 32,30 27,60 51,87 42,52 14,29
Total aliphatic carbon 10-40 32,73 58,45 58,52 63,76 67,70 72,40 48,14 57,47 85,71
Total aromatic carbon 110-160 67,27 41,55 41,47 36,24 32,30 27,60 51,87 42,52 14,29
Table 5
Yield of carbon at different stages of pyrolysis.
SAMPLE AROMATIC RESIN ASPHALTENE
LCO HCO EHCO LCO HCO EHCO LCO HCO EHCO
Green Carbon 21.9 15.4 23.3 41.5 31.4 38.4 62.3 52.0 65.0
Calcined Carbon 85.0 79.4 82.4 83.9 82.4 80.4 75.7 75.6 71.5
Graphitized carbon 96.2 96.0 99.3 92.5 95.8 97.7 94.5 99.5 98.0
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Table 6
Elemental proportions of carbon samples.
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Origin Sample Total Carbon Total Hydrogen Total Nitrogen Total Sulphur Total Oxygen Total Heteroatoms
Aromatic LCO Green 89.39 2.43 0.69 5.39 2.10 8.18
Calcined 98.21 0.07 0.21 1.51 0.00 1.72
Graphitized 99.99 0.00 0.01 0.00 0.00 0.01
Aromatic HCO Green 88.59 2.68 1.26 5.40 2.07 8.73
Calcined 97.94 0.03 0.31 1.72 0.00 2.03
Graphitized 99.99 0.00 0.01 0.00 0.00 0.01
Aromatic EHCO Green 91.02 2.82 1.45 3.60 1.11 6.16
Calcined 94.79 0.03 0.32 2.31 2.55 5.18
Graphitized 99.99 0.00 0.01 0.00 0.00 0.01
Resin Green 88.17 2.10 1.18 6.69 1.86 9.73
LCO Calcined 96.82 0.04 0.34 2.81 0.00 3.14
Graphitized 99.99 0.00 0.01 0.00 0.00 0.01
Resin Green 88.36 2.55 1.98 4.03 3.08 9.09
HCO Calcined 96.38 0.03 0.51 2.74 0.35 3.60
Graphitized 99.99 0.00 0.01 0.00 0.00 0.01
Resin Green 88.36 2.55 1.98 4.03 3.08 9.09
EHCO Calcined 96.38 0.03 0.51 2.74 0.35 3.60
Graphitized 99.99 0.00 0.01 0.00 0.00 0.01
Asphaltene Green 87.60 2.01 1.57 7.02 1.80 10.39
LCO Calcined 95.47 0.04 0.19 2.05 2.25 4.49
Graphitized 99.99 0.00 0.01 0.00 0.00 0.01
Asphaltene Green 82.27 1.77 2.50 7.83 5.64 15.97
HCO Calcined 94.61 0.02 0.35 3.01 2.02 5.38
Graphitized 99.99 0.00 0.01 0.00 0.00 0.01
Asphaltene Green 87.19 2.16 2.36 4.69 3.60 10.65
EHCO Calcined 94.93 0.01 0.43 3.48 1.15 5.06
Graphitized 99.99 0.00 0.01 0.00 0.00 0.01
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Fig. 6. TGA analysis of green, calcined and graphitized carbon from origin based ARA fractions.

S. B. Yang et al. [28] employed FTIR and data-driven methods to
anticipate crude oil properties. In similar way, NMR studies furnish
essential details on organic matter functional groups [29-31]. It also
indicates the source rock sedimentary surroundings, and thermal
maturity thus has distinctive advantage in geochemical assessment of
crude oil [29]. The Low-field nuclear magnetic resonance based method
has realistic utility like non-destructive, require minimum sample
without hazardous solvents, analysis cost is economical, analysis is
quick, whole method workflow is straightforward and easy to perform
physical property determination [30]. Rakhmatullin et al. [31] present

the possibility of **C NMR spectroscopy for the quick analysis of heavy
crude oil from physical characteristics to the arrangement of functional
groups. It additionally highlights the capability of NMR to study both
systematically and empirically the elemental configuration along with
molecular composition of organic materials, its fractions, and aspired
products. However, sophisticated analytical procedures are still
required to enhance the performance of refinery conversion processes.

Moreover it is established that the chemical characteristics of crude
oil vary based on its origin. Besides refinery usually use blend of crude
oils [32]. Hence various groups have shown interest to study the
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Fig. 8. XRD pattern of green, calcined and graphitized samples from resins.

characteristics of crude oil from different origin [33-35]. A. B. Gar-
marudi et al. [33] used infrared spectrometry and chemometrics to
successfully classify crude oils based on its origin. Similarly, O. Galtier
et al. [34] utilized mid-infrared spectroscopy to classify crude petroleum
oils according to their geographical origins. Likewise M. Salehzadeh
et al. [35] carried profound investigation of light, medium and heavy oil
asphaltenes and observed excess hydrogen content and

hydrogen/carbon atomic ratio in heavy oil asphaltene. Nevertheless,
there is a significant anticipation for origin based studies on crude oil.
Additionally, in recent years there are few reports on effective use of
petroleum vacuum residue as a raw material to convert into high value
carbon based materials. Currently, with the constant growth in concern
over management of natural resources the petrochemical industry have
difficulties in efficiently managing petroleum vacuum residue. Besides,



R. Dalsania et al.

LCO Asphaltene
Green

10 20

LCO Asphaltene }
Calcined h

HCO Asphaltene
Green

f

T

10 20

LCO Asphaltene

30

T
40 5

10 2

HCO Asphaltene ‘

/
A
‘f""‘*’w L_ /\___f_\_;__,.ﬁy/ \K T S

Carbon Trends 17 (2024) 100424

EHCO Asphaltene
Green

40 50 60 10 20 30 40

20

HCO Asphaltene

Calcined EHCO Asphaltene

Calcined

|

W 1 50 60

Graphitized Graphitized EHCO Asphaltene
Graphitized ‘
I
| ‘ |
|
‘ \ I
I | |
/ “ I
T ——— s N o A p— sl Voo p— A > - " s =
T T T T T T T T T 7 T T T T
10 20 30 40 59 .50 60 10 20 30 0 59 50 60 10 20 30 0 29 50 60

Fig. 9. XRD pattern of green, calcined and graphitized samples from asphaltenes.

Table 7

Data obtained for XRD analysis.
Sample Origin AROMATIC RESIN ASPHALTENE

d-spacing (A°) Le (A°) La (A°) d-spacing (A°) Le (A°) La (A°) d-spacing (A°) Le (A°) La (A°)

Green LCO 3.515 21.30 16.90 3.518 22.60 21.90 3.505 22.80 18.10
Calcined 3.380 8.022 4.165 3.386 7.868 4.487 3.47 3.16 3.53
Graphitized 3.382 20.279 43.062 3.379 19.673 43.004 3.372 19.23 34.59
Green HCO 3.528 20.70 19.70 3.538 20.90 24.10 3.524 19.90 25.30
Calcined 3.377 8.290 4.332 3.381 6.924 3.865 3.387 6.09 3.89
Graphitized 3.387 17.814 45.672 3.387 18.744 39.774 3.371 16.75 34.89
Green EHCO 3.522 21.20 19.80 3.513 21.40 20.80 3.507 24.00 21.80
Calcined 3.380 7.581 3.541 3.392 5.432 4.115 3.389 5.87 3.54
Graphitized 3.380 24.579 36.645 3.362 20.712 33.085 3.371 18.49 38.04

the effective utilization of high value added petroleum vacuum residue
is also economical. X. Zhai et al. [36] fabricated Fe,N-codoped porous
carbon-embedded Fe3C nanoparticles from petroleum vacuum residue
for highly efficient oxygen reduction. For Li-ion batteries anodic mate-
rial, J. L. Tirado et al. [37] carried co-pyrolysis of petroleum residue to
obtain Tin-carbon composites and SnO,, Furthermore H. Chao et al. [38]
reports of carbon with porous structure from vacuum residue for its
implementation in Lithium ion capacitors.

The purpose of the research is to carry out an extensive character-
ization for aromatic, resin and asphaltene fractions from vacuum residue
distillate of light, heavy and extra heavy crude oil. Furthermore, the
purpose is also to convert ARA fractions into graphitic carbon like ma-
terial and study co-relation of each type of vacuum residue on conver-
sion of graphitic carbon material. For which heat treated samples at all
stages are analysed to understand structural changes using TGA, XRD
and Raman spectroscopy. All results are discussed in details in this
article.

2. Materials and methods
2.1. Studies on vacuum residue and ARA analysis
2.1.1. Materials

Crude oils with distinct characteristics were selected and tested from
three separate origins: Middle East, Canada and South America. Based

on their American Petroleum Institute values they are referred as Low
(Middle East, API - 33.4), Heavy (Canada, API - 21.4) and Extra Heavy
(South America, API - 9.5) crude oil throughout the study. The Low
(LCO), Heavy (HCO) and Extra Heavy (EHO) exhibited Conradson
Carbon Residue values of 5.1, 9.5 and 12.9, respectively.

2.1.2. Methods

To estimate the yield of fractions regular test methods for distillation
of crude petroleum (ASTM D2892) and heavy hydrocarbon mixtures
(ASTM D5236) were done. The resulting vacuum residues were
considered as raw materials for this study. The determination of
asphaltene in vacuum residue was carried out by following ASTM D6560
(Fig. la). The remaining maltenes were passed through column bed
prepared by activated, alumina oxide with mesh size 100 and silica gel
of FIA grade. The glass column length was 1150 mm, internal diameter
15 mm and bulb capacity 500 ml for 10 g sample weight. The saturates
were obtained as first fraction which is soluble in n-heptane. Aromatic
fraction was obtained next by addition of toluene in bulb. Finally, resin
fraction was obtained by adding a mixture of toluene and methanol in
1:1 ratio. The fraction solvents were evaporated to get the pure SAR
fractions. The ARA fractions studied in this study are represented in
Fig. 1b.

The purity of the fractions isolated using the above described method
was measured using TLC-FID on a latroscan MK-6S system. The
hydrogen flow rate of the FID was 160 mL/min; the air flow rate was 2
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Fig. 10. Raman spectra of green, calcined and graphitized carbon of origin based aromatics.

L/min. A solution of approximately 1 % wt. /vol. of material in
dichloromethane was prepared, of which 1 uL drop was spotted on silica
coated chroma rod. It was followed by drying at 80 °C in oven for 5 min
after which the chromarod was eluted sequentially. The first chamber
filled with n-hexane for saturates at 100 mm height.

However, the saturate were eliminated from this study due to their
low carbon yield % following pyrolysis at 500 °C for 10 min. Second, it
was heated once again at 80 °C for 5 min with known quantity of toluene
for aromatic at 50 mm height was eluted. Finally for the last stage
heating was carried for 10 min at 80 °C, chamber filled with methanol
and DCM mixture for resin at 25 mm height was eluted. The data were
collected with SIC-480 II software. This procedure was repeated for ARA
fractions from different origin crude oil. ASTM D4530 method was used
for the determination of the amount of carbon residue in ARA fraction.
The relative density of the ARA fractions were measured by using
pycnometer.

The CHNSO content was determined using the Elementary Vario
Macro CUBE instrument. A known quantity of the sample was placed
into a combustion tube at a temperature of 1150 °C. Under these cir-
cumstances, CHNS underwent quantitative conversion to their respec-
tive gases, namely CO,, Ho0, NOy, and SOy. This conversion occurred
during sample combustion at 850 °C in an oxygen-rich environment. The
resulting gases were then directed into the reduction tube via a U-tube,
where impurities such as excess oxides and halides were eliminated
using copper and silver metals. Nitrogen content was directly measured
using a TCD detector operating at 240 °C. Pure elemental oxide gases
were trapped in a specific column and subsequently released at a
designated temperature for analysis by the TCD detector, with helium
serving as the carrier gas. Verification and calibration were conducted
using various standards with different concentrations. Elemental ana-
lyses were performed on the VR sample and its fractions of ARA (Aro-
matic, Resins, and Asphaltene). In this process, samples weighing
between 25 and 50 mg were prepared with double the quantity of

tungsten oxide and then injected directly into the column using an auto
sampler. The instrument’s operational range spanned from O to 100 %,
with a minimum detection limit of 100ppm.

Metal and ash content in crude oil were determined by inductively
coupled plasma optical emission spectrometry (ICP-OES). Perkin Elmer
optima 8300 model with sulphur chemiluminescence detector (SCD)
was employed. The carrier gases were argon and oxygen. 0.2 to 0.25 gm
samples were dissolved in an industrial solvent, decalin. Diluted samples
were carried through peristaltic pump, samples and argon were mixed in
nebulizer and made an aerosol. This aerosol and extra oxygen mixed in
plasma tube generated plasma. These charged elements photon passed
through photon multiplier tube and emitted the energy at the end of
path. Emitted energy covert in electric signal in detection system.
Minimum detection limit of the detector is 0.1 ppm.

The 60 mg samples were diluted in 5 mL tetrahydrofuran (THF). GPC
analysis was performed using a Perkin Elmer Turbo matrix-40 instru-
ment with PLgel mixed-b columns packed with 5 pm polystyrene gel
beads with microporous stationary phase. The column length and
diameter 300 * 7.5 mm with the flow rate of 1 mL min ™! for a total run
time of 15 min was followed. Refractive index detector was used.
Polystyrene standards were used to calibrate for relative My and My.

Mass analysis was conducted on a Waters Alliance e2695 separations
module with QDa detector. The samples were prepared by weighing
approximately 0.2 g sample dissolved in 250 ml toluene. The injection
volume was 10 pL, total run time of 1 min. These samples were ran and
recorded the data between 100 and 1000 Dalton mass and instrument
limit is 50 to 1200 Dalton. The 'H NMR and '3C NMR spectra acquisition
were obtained on a Bruker Biospin Avance III 400 MHz liquid state NMR
spectrometer along with 5 mm Broad Band observed probe with
gradient coil along Z axis. The samples were prepared by diluting
samples in deutered chloroform (CDCl3) solvent. Spectra were recorded
using 16 scans, top spin 2.1 and the number of scans was 4000.
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Fig. 11. FTIR spectra of the origin based asphaltenes.

2.2. Preparation of graphitic carbon like material

2.2.1. Materials
Aromatic, resin and asphaltene (ARA) fractions from three different
vacuum residues (Light Crude oil, Heavy Crude oil and Extra Heavy

Crude oil) were used as a raw material for preparation of green coke for
this study.

2.2.2. Methods

The raw materials were pyrolyzed at 500 °C for 10 min under inert
atmospheric condition as per ASTM D4530 resulting in the formation of
green carbon. The obtained green carbon samples were further heat
treated in two step, followed by heating at 900 °C with heating rate of 10
°C and 1350 °C with rate of 5 °C and held for 30 min and 5 hr respec-
tively to produce calcined carbon. This was done to remove all volatile
matters for further processing to get graphitized carbon. Graphitization
was done at 2800 °C with heating rate of 15 °C and held for 2 hr.

The Raman spectra were recorded in Confocal Raman Microscope
(LabRAM HR Evolution, HORIBA Scientific, Jobin Yvon Technology) at
ambient temperature using the 532 nm laser in the wavenumber range
200-3000 cmL. The number of accumulations was 5 with time 2 s and
the spectra were baseline corrected with the LabSpec6 software pro-
gram. Multiple measurements were performed on powder of each indi-
vidual sample and averaged spectra was represented. XRD
measurements have been done on Panalytical’s X’Pert Pro instruments.

The radiation source used is Cu K-alpha and nickel metal used in beta
filter. It is equipped with x-Celerator solid-state detector. Instrument
operated using the 40 mA and 45 kV at a scanning speed of 5°/min.
Below 200 mesh carbon powder sample was taken on glass side and
collected the spectra. Thermal stability investigation of carbon samples
was done by using TA Instruments Q500 thermogravimetric analyzer.
Samples were analyzed in the temperature range from 20 to 950 °C with
a heating rate 10 °C/min under atmosphere. 10 mg each sample was
taken in the crucible and placed in the instruments.

3. Results and discussion
3.1. Studies on vacuum residue and ARA analysis

The vacuum residues exhibit distinct characteristics and hence there
is significant variation in various fractions as shown in Fig. 2 extra heavy
and heavy crude oil have an abundant asphaltene and resin fractions.
Fig. 2 shows the results of ARA analysis from different regions. The
range of resin and asphaltene fractions between origin based vacuum
residues are 41.7-28.5 % and 27.9-2.4 %. Aromatic fraction ranges from
45 to 19.8 %, highest being LCO (45 %), followed by HCO (40.9 %) and
least in EHCO (19.8 %). ARA fractions from LCO is aromatic rich
whereas EHCO has the highest resin and asphaltene fractions. The data
in Table 1 indicate the characteristics of vacuum residue (VR) from LCO,
HCO and EHCO. As anticipated, extra heavy crude oil has high CCR,
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pour point, density along with total carbon, nitrogen and metal. In
contrast, heavy crude oil was found to be rich in total sulphur, oxygen,
heteroatoms and high C/H ratio. Even though there is not any major
dissimilarity in hydrogen content between origins, light crude oil has
slightly high hydrogen content (11.2 %).

Fig. 3a to 3c shows TLC-FID chromatograms of the isolated ARA
fraction from vacuum residue of (which sample LCO/HCO/EHCO). The
chromatogram has distinct single peak representing 99 % purity and
sufficient isolation. Density and CCR were used to predict ARA fractions
of vacuum residues [39]. Fig. 3d summarizes the results of measure-
ments of Conradson carbon content, which indicates the difference
among the samples. For asphaltene and aromatic fraction, carbon con-
tent of EHCO dominates whereas that of LCO falls shortly behind EHCO.
Further it is interesting to note that LCO preside over EHCO in resin
fraction with slightly high carbon content. However, the carbon content
of ARA fraction from HCO differs strongly with low value. Similarly,
density is a key property for the assessment, simulation and expansion of
petroleum reservoirs. Fig. 3e show the measured density for aromatic,
resin and asphaltene from different origins. The light crude oil is a
low-viscous material and is expected to have low density when
compared to very viscous heavy/extra heavy oil with a high specific
density [40]. However, it is interesting to note that the obtained value
reflects the opposite trend (Fig. 3e). The density for LCO were found to
be high in all the aromatic, resin and asphaltene fraction, respectively.

The elemental compositions of the investigated origin based ARA
fraction are represented in Table 2. Regardless of the samples from
different origin they are all carbon rich with more than 82 wt. % in ARA
fractions. The carbon, hydrogen, C/H, nitrogen and oxygen composition
of the aromatic fraction did not vary significantly irrespective of its
origin. However, the sulfur and as a result the heteroatom content was
high in aromatic fraction from HCO. The similar pattern was observed
for the elemental composition in resin and asphaltene fractions. The
elemental composition of carbon in the range of 80-90 % have been
reported earlier for oils samples from south of Iran [27,4]. The H/C-ratio
is an important guideline that indicates the degree of saturation and
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determines the abundance ratio of aromatic and aliphatic compounds.
This ratio decreases with the increase in aromatic proportion and
decrease in the aliphatic proportion. The H/C values of ARA below unity
indicates the samples are highly aromatic [4]. The heteroatom content
reached a maximum of approx. 8 wt. % in Asphaltene. Anyhow, sulfur
was high in content among heteroatom in all ARA fractions. Aromatic
fraction from LCO has the lowest sulfur (2.7 %) and oxygen (0.61 %),
whereas from HCO has lowest nitrogen (0.39 %) content. Likewise, the
high content of nitrogen (1.65 %), oxygen (0.61) and sulfur (8.34 %)
were identified in asphaltene from EHCO and LCO, and resin fraction
from HCO.

Inductively coupled plasma optical emission spectrometry are
regularly used for crude oil and products analysis [16,41]. The ICP-OES
results of ARA fractions shown in Fig. 4, illustrate the presence of metal
and ash concentration in ARA fractions along with its variation among
different origin sample. The metal concentrations in aromatic, resin and
asphaltene are in the range of 39-204 ppm, 271-1233 ppm and
400-2154 ppm (Fig. 4a), respectively. The excess metal contents were
present in ARA fractions from EHCO. The low metal content in LCO
against HCO and EHCO agrees with the facts that light crude oil usually
contains relatively low metal. The presence of metallic particles are
important as they might have a significant role in the asphaltene accu-
mulation [42]. Correspondingly (Fig. 4b), the ash concentration in ar-
omatic, resin and asphaltene are in the range of 0.01-0.05 ppm,
0.07-0.39 ppm and 0.11-0.68 ppm. Consequently, the difference in ash
content follow the same pattern noticed for metal concentrations.

Estimating molecular weight distribution of ARA fractions could be
important to anticipate the phase behaviour and prevent asphaltene
depositions. Similarly molecular weight distribution influences the
chemical composition which directly affects the combustion character-
istics of fuel oil [7]. Hence determination of molecular weight distri-
bution becomes mandatory which is analysed by Gel Permeation
chromatography in the present study. The number-average molecular
weight (My) is defined as the average based on the number of polymer
chain molecules at a particular molecular weight, whereas the
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Table 8
Data obtained for Raman analysis.
Sample Origin AROMATIC RESIN ASPHALTENE
In/Ig La (nm) Ip/Ig La (nm) In/Ig La (nm)
Green LCO 0.6164 31.19 0.6773 28.39 0.7175 26.79
HCO 0.6424 29.92 0.6372 30.17 0.7454 25.79
EHCO 0.6240 29.47 0.9220 27.77 0.6890 27.90
Calcined LCO 1.1925 16.12 1.0112 19.01 1.2171 15.80
HCO 1.1169 17.21 1.2641 15.21 1.2571 15.29
EHCO 0.9812 19.59 1.2083 15.91 1.1948 16.09
Graphitized LCO 0.1581 121.61 0.1241 154.95 0.1401 137.23
HCO 0.1234 155.79 0.1552 123.84 0.4580 41.98
EHCO 0.1902 101.07 0.1619 118.77 0.4149 46.34

weight-average molecular weight (MW) corresponds to the mass (or
weight) of the polymer chain molecules at a particular molecular
weight. Higher side poly dispersity indicates the broadness of molecule.
As shown in Fig. 5a, the number-average molecular weight (My) of ar-
omatics and resin were basically consistent with those of different
origin. However, the My of asphaltenes derived from different origin
were higher varying in the range of 2671-4850 (g.mol ™). This proposed
that the asphaltene especially derived from HCO had larger molecular
weight with My value of 4850 (g.mol™). Likewise, the weight-average
molecular weight (MW) for origin based ARA fractions based on GPC
detection are shown in Fig. 5b. The results showed that there was great
difference in MW for asphaltene compared with aromatic and resin
fraction. The HCO-asphaltene had a high MW value of 21,845. Likewise
the highest average molecular weight in asphaltene was presented by
[6].

The polydispersity, an indication of heterogeneity of a sample based
on size from the various fractions are illustrated in Fig. 5c. The values
observed were very similar for the aromatic and resin fractions. Also it is
has the same trend as its molecular weight distribution (Fig. 5a &b). G.
A. Mansoori et al. [43] detected relative values of polydispersity for
aromatic, resin and asphaltene from heavy fraction of crude oil by means
of GPC. It is well reported fact that asphaltenes show a very large size
polydispersity. The obtained results reflect the same result. Similarly,
the asphaltene fraction has high polydispersity value as well it does not
follow the trend noticed for molecular weight distribution. For instance,
both mass and number molecular weight of asphaltene fraction follows
the descending order of HCO, EHCO and LCO. But, for the polydispersity
it follows a different order, where LCO has high value followed by HCO
and EHCO. G. A. Mansoori et al. reports broad distribution of sizes and
molecular characteristics for asphaltene [43]. D. Oldham et al. [44]
investigated polydispersity of crude oil due to asphaltene oxidation and
hypothesized that increased polydispersity affects viscosity.

Several researchers have published the application of NMR in the
assessment of heavy petroleum fractions. The proton NMR spectroscopy
is used for quantitative analysis of paraffinic and aromatic hydrogen,
where carbon NMR spectroscopy is used for paraffinic and aromatic
carbon atoms. For such complicated molecules, the aliphatic protons
participation on a 'H NMR spectrum emerges as a large signal with a
continuous superimposing of numerous peaks and most strong
compared to aromatics and are basically classified into three types of
protons namely, a, b and ¢ with reference to an aromatic core. The
investigation of the range of every kind is not simple to attain but are
commonly resolved from 0.1 to 1.1 ppm for d type protons, broad peck
obtained at 1.2 to 2.1 ppm for c type protons, 6.0 to 7.1 ppm for b type
protons and 7.0 to 9.0 for a type proton. Proton NMR provides type of
hydrogen and its concentration in compound and also describe the na-
ture of compound. Proton NMR attributed 8 position of alkyl or paraf-
finicis 0.1 to 1.1 for methyl, 1.2 to 2.1 for aliphatic methylene and 2.2 to
4.0 for naphthenic or -CH, -CHy group proton. The aromatic proton
resonance § position for mono aromatic ring 6.0 to 7.1 and di. Tri and
tetra or pera aromatic rings 7.3 to 9.0. Where CDCl; three peak appeared
at 7.26 and TMS at 0. Table 3 shows the total aliphatic and aromatic
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proton. In aromatic, total aliphatic hydrogen increased from light to
heavy and total aromatic hydrogen decreased from light to heavy.
However, the similar contribution did not found in resins, where heavy
crude resin have less aliphatic hydrogen and more aromatic hydrogen as
compare to other resins fraction. Asphaltenes fraction have similarly to
aromatic fraction aromatic proton increased from light to heavy and
aromatic proton decreased from light to heavy. These results clearly
signposted for aromatics and asphaltenes were light to extra heavy ar-
omatic proton decreased and aliphatic proton increased however the
resins did not follow the similar trend also C/H ratio in elemental
analysis similar trend was derived Table 4.

The carbon skeleton was justified by the '3C NMR which provided
the structure information of carbon compound. For this reason, >*CNMR
spectra has turned to be a typical choice for the analysis of crude oil
fractions. When comparing 'H and'*C NMR spectra it is plausible to
distinguish many variation between them. For instance, 3C NMR
spectra have huge chemical shifts scale (more than 220 ppm) that di-
minishes over lapping between peaks. The 1*C NMR is insensible than 'H
NMR because of its reduced natural abundance and magnetogyric ratio
of the'C nucleus, but in the event of the 'H decoupled 3¢ NMR spectra
it is more straightforward when there is no peak splitting. The 13C NMR
signals between 20.00 and 40.00 ppm come from aliphatic of -CH and
-CH; associated to linear alkanes and cyclic compounds. The methyl
group have 13C NMR signals have 10 to 20 with braches methyl group
also appeared in this range. While aromatic carbon showed the signal in
13C NMR between 110 and 160 ppm. Above table represent the aromatic
carbon increasingly pattern showing from light to heavy. However, the
total carbon lowers side in HCO fractions matrix due to higher side
hetero atoms.

3.2. Preparation of graphitic carbon like material

The heat treatment of ARA fractions were carried out in different
stages. The products obtained at various stages of heat treatment of ARA
fraction were referred as green (stage I), calcined (stage II) and graph-
itized carbon (stage III). In order to obtain green coke, the ARA fraction
was used as raw material. Table 5 shows the yield of carbon at different
stages of pyrolysis. The highest yield of green carbon for ARA fractions
was noticed for EHCO, except for resin fractions where LCO has more
yield. However the lowest yield of green carbon for ARA fractions was
from MCO. The yield of green carbon was in the range of 15.4-23.3,
31.4-41.5 and 52-65 for aromatic, resin and asphaltene fractions. The
yield of calcined carbon denotes more conversion has taken place for
aromatic and resin fraction when compared to asphaltene. The yield of
calcined carbon did not show much variation among ARA fraction and is
in the range of 71.5-85. Moreover, the yield of graphitized carbon for all
ARA fraction are above 90. Almost complete conversion has taken place
for aromatic (EHCO) and asphaltene (HCO) which is 99.3 and 99.5.

The effect of pyrolysis temperature on elemental content is presented
in Table 6. Table 6 shows that carbon content increases on calcination
and graphitization of green carbon. At the same time, as expected there
was a progressive decrease of hydrogen, nitrogen, sulphur and oxygen
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with calcination and graphitization process corresponding to an increase
of volatile and gases (CO, CO2, NO3, CH4) loss [45]. The decrease of
oxygen is anticipated to increase the sample basic nature [46]. Hence,
the increased C/H and C/O ratios are indicative of dehydrogenative
polymerization and dehydrative polycondensation during heat treat-
ment [45]. Further, the relatively high quantities of heteroatoms in
green carbon decreases on calcination and graphitization showing the
loss of numerous functional groups [45]. The highest amount of carbon
(99.99) in all ARA fractions after graphitization process indicates the
complete graphitization.

Fig. 6 shows the thermogravimetric analysis of green, calcined and
graphitized samples of ARA fractions. The TGA curve of green aromatic
fraction represented three decomposition stages. However the overall
weight loss was only 7 %. The first weight loss step started at about 27.8
°C, was related to adsorbed moisture and impurities. While the second
weight loss step initiated at about 554.28 °C may be attributed to the
reaction of carbon with oxygen leading to the release of COy [47]. The
third weight loss step at around 727 °C may be to the sublimation of
carbon backbone [48]. The TGA curve of calcined and graphitized ar-
omatic fraction shows negligible weight loss indicating the thermal
stability of the formed graphite. The characteristics were identical for
resin and asphaltene fractions.

The XRD patterns of the green, calcined and graphitized origin based
aromatic fraction are shown in Fig. 7. A difference in XRD pattern was
noticed, green carbon exhibited broad peak at approximately 26
=25.46° with low intense shoulder peak at around 20 = 43.24°. These
corresponds to the (002) and (004) peaks indication presence of some
less oriented graphitic carbon in samples. XRD patterns of calcined
samples show increase in intensity of peak with shifting towards higher
theta values this indicates more orientation of carbon atoms in graphitic
manner. Further on graphitization the peak turns completely symmetric
with a sharp peak representing the presence of only graphitic carbon like
material in samples. This shows the formation of graphitic carbon like
material from cured derived carbon at high temperature. The HCO and
EHCO fractions (Figs. 8and 9) for green, calcined and graphitized rep-
resents the same behavior comparative to aromatic fraction as shown in
Fig. 7, except for a small change. In case of calcined HCO, there is an
additional sharp peaks at 20 =21.86°, 31.54° and 36.25°. Even for resin
and asphaltene fraction, the XRD patterns show same behavior as
observed in aromatic fraction for all green, calcined and graphitized
process.

The interlayer spacing obtained from the XRD patterns are given in
Table 7. The interlayer spacing of green carbon were around the range
3.505-3.538 A, this indicates presences of less oriented graphitic carbon
in starting material. Moreover, the interlayer spacing of calcined and
graphitized carbon decreases to around 3.36 A indicating the formation
of highly ordered graphitic carbon after high temperature treatment to
graphite like material. In addition the crystallite size L, and L. were
calculated to assess the average size of the carbon atoms. In the green
sample, the L. and L, were in the range 19.90-24 A and 16.90-25.30 A
which shows a notable decrease on calcination indicating the increase of
defects in the structure. Further, with graphitization there was once
again a remarkable increase in Lc and La values suggesting the increase
of order with the transformation to graphite like structure. There was
not any distinguishable difference in interplanar spacing and crystallite
size with feed quality variation due to ARA fraction from different origin
Figs. 10-16.

The transformation to graphite like material in the samples has been
further supported by Raman spectroscopy. In the recent years, pyrolysis
of petroleum vacuum residue is procuring significant recognition with
raising awareness on sustainability, the transformation and nature of
carbonaceous substance were analyzed in depth with the aid of Raman
spectroscopy [49]. As shown inFig. 12, the Raman spectrum of carbon
from origin based aromatics exhibits two peaks at 1355 cm™'and 1575
cm’!, which are designated to the D band and G band, correspondingly.
These peaks grow sharp and intense on calcination, indicating the
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orientation of carbon atoms in more ordered way. Additionally, a broad
peak evolves around 2500 cm™ denoting the coexistence of graphite
phase. With the further increase in temperature during graphitization
process, the Raman spectrum exhibits defect (D) and graphitic (G) bands
at 1354 and 1584 c¢cm-1 and an overtone 2D band at about 2716 cm-1,
reflecting the transformation of highly crystalline graphitic material.
The Raman spectra of other samples particularly origin based along with
ARA fraction reveal similar patterns irrespective of different feed
quality.

The ratio of Ip/I estimated for the studied specimens are denoted in
Table 8. While the G-band is produced by the C—C stretching and exists
in all carbon structures, the d-band evolves from the breathing mode of
aromatic rings [50]. The d-band indicates presence of disorder carbon in
material. The intensity ratio of the D and G band (Ip/Ig) may thus be an
indirect assessment of the disorder within the sample. The Ip/I value
for the ARA fraction of the green sample were in the range
0.6164-0.6890, representing disordered structure. Slightly higher Ip/Ig
values were noted for graphitized resin as well green and calcined
asphaltene. The Ip/I; value once again increases which later decreases
with increase in temperature, indicating the changes in arrangement of
carbon within the material from random to highly ordered carbon like
graphitic carbon.

4. Conclusion

The characteristics of LCO, HCO and EHCO crudes and their vacuum
residual fractions i.e. feed quality are varying significantly due to effect
of different origin. These three crudes vacuum residues and their frac-
tions exhibited an ascending trend in terms of both total metals per-
centage and ash %, with the lighter fractions having lower values and
the heavier fractions having higher values. The HCO aromatic fractions
have a larger presence of heteroatoms and aliphatic protons (-CHs,
-CH,) as observed directly through 'H NMR and '3C NMR. ARA fractions
were explored as a sustainable precursor to produce graphitic carbon
like materials. The incomplete conversion for green carbon were
revealed by several decomposition stages during TGA studies. Both XRD
and Raman indicate that graphitic carbon like material was successfully
synthesized from aromatic, resin and asphaltene fraction via the pyrol-
ysis and high temperature treatment of cured derived carbon. The re-
sults of XRD revealed that the diffraction lines at 20 =25.46°, and the
interlayer spacing of green carbon were in the range 3.505-3.538 A, and
subsequent reduction with high temperature treatment to 3.38 A which
shows formation of high ordered graphitic carbon. Likewise, the Raman
spectrum of green carbon exhibits presence of D band at 1355 em™and G
band at 1575 cm™ that supports the presence of graphitic carbon. The
intensity ratio of the D and G band (Ip/Ig) from Raman spectra
confirmed the transformation of present amorphous like carbon to
highly ordered graphitic carbon after high temperature treatment.
Further, the thermal stability of the calcined and graphitized carbon
have been proven by TGA analysis. The XRD, Raman and TGA of the
samples determined no difference irrespective of different feed quality
for the preparation of graphitic carbon like material from cured based
carbon.
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