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-induced molecular
transformation of hydrocarbons in the presence of
nanostructured sodium bentonite clay

M. K. Ismayilova, *a I. I. Mustafayev, ab R. F. Khankishiyeva, abd

H. N. Akhundzada, acde S. Z. Melikova a and R. A. Bayov a

This study investigates the molecular transformation of hydrocarbons under gamma radiation in the

presence of nanostructured sodium bentonite clay. Crude oil samples from the Gunashli oil field

(Azerbaijan) were exposed to 60Co gamma radiation across a dose range of 0–260 kGy. Using

a combination of FTIR, UV-vis, EPR spectroscopy, and gas chromatography, we evaluated the structural

evolution of both mature and immature oils. The results demonstrate a dose-dependent degradation of

aromatic compounds, accompanied by increased formation of isomeric and low-molecular-weight

hydrocarbon gases. Nanostructured Na-bentonite acted as a radiation-sensitive catalyst, significantly

enhancing fragmentation, isomerization, and p–s bond transformation. In mature oils, a pronounced

reduction in arenes and density confirmed advanced molecular restructuring. In contrast, immature oils

retained substantial aromatic content, indicating partial metamorphism. UV-vis data revealed a sequential

transformation pathway from polycyclic aromatics to saturated hydrocarbons. The findings underscore

the catalytic synergy between gamma radiation and nanoclay, offering mechanistic insights into

radiolytic upgrading and mimicking natural geochemical maturation processes.
1 Introduction

The thermal interaction of organic compounds—particularly
hydrocarbons—with clay minerals has long attracted scientic
attention due to its signicance in petroleum geochemistry and
catalysis. Numerous studies have demonstrated that the active
sites of clay minerals, especially those located within their
interlayer spaces, signicantly accelerate the thermal degrada-
tion of organic matter.1–9 These minerals are widely recognized
as key catalysts in the transformation of organic material into
petroleum and natural gas. A widely accepted hypothesis posits
that light hydrocarbons act as intermediates during the catalytic
conversion of petroleum into gas, following the pathway:
petroleum / light hydrocarbons / gas.10

Growing evidence supports the view that clay minerals play
a central role in determining the molecular architecture of
hydrocarbons throughout these transformation processes.
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Among these, montmorillonite—particularly in the presence of
bitumen—exhibits enhanced catalytic activity for generating
light hydrocarbons when compared to other organic sources
such as kerogen or asphaltenes. This effect is likely attributable
to the smaller molecular size of bitumen, which facilitates its
interaction with the active catalytic sites on the clay surface.11

In recent years, the interaction between ionizing radiation
and clay-hydrocarbon systems has gained attention, particularly
for its potential to induce chemical and physicochemical
changes. In this study, gamma radiation from cobalt-60 (60Co)
was employed to investigate such effects on nanostructured
sodium bentonite clay, sourced from the Republic of Azerbai-
jan. The clay samples were subjected to gamma radiation doses
ranging from 1 to 260 kGy under vacuum conditions. Subse-
quent analyses using thermogravimetric analysis (TGA) and
Fourier-transform infrared spectroscopy (FTIR) revealed that
nanostructured Na-bentonite displays increased chemical
reactivity under these conditions.12

The structural transformation of hydrocarbons—commonly
referred to as metamorphism—occurs predominantly at the
molecular level. Previous research indicates that gamma radi-
ation induces dehydration reactions on the surface of Na-
bentonite, generating structural defects that can signicantly
affect hydrocarbon chain behavior. These effects include chain
scission, radical formation, and subsequent recombination,
which ultimately inuence the molecular weight and congu-
ration of the hydrocarbons.13–17
RSC Adv., 2025, 15, 40299–40310 | 40299
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Fig. 1 Experimental workflow for gamma-irradiated crude oil with
Na-bentonite clay.

Table 1 Physical properties and aromatic content of crude oil samples
from the Gunashli oil field (25 °C, 1 atm)

Parameter
Platform 8
(mature)

Platform 10
(mature)

Platform 14
(immature)

Density (g cm−3) 0.8553 0.8547 0.9302
Kinematic viscosity (cm2 s−1) 12.6 9.9 61.5
Dynamic viscosity (mPa s) 10.78 8.46 57.21
Aromatic content (wt%) — — 25
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Furthermore, the mechanisms underlying the formation of
aromatic hydrocarbons and isomeric structures under gamma
irradiation have been examined in various studies.18,19

Comparative investigations show that in aromatics-rich crude
oils—such as those from the Gunashli oil eld in Azerbaijan—
low-dose gamma irradiation in the presence of nanostructured
catalysts promotes the formation of isomeric structures. In
contrast, crude oils with low aromatic content are more prone to
form new aromatic compounds under similar conditions.

This study aims to investigate the role of gamma irradiation
in the molecular transformation of hydrocarbons in crude oil
and to evaluate the effectiveness of nanostructured sodium-
bentonite clay as a radiation-sensitive catalyst simulating
natural maturation processes.

2 Materials and methods
2.1 Sample collection and characterization

Crude oil samples were collected from three distinct production
platforms (platforms 8, 10, and 14) located in the Gunashli oil
eld (Azerbaijan sector of the Caspian Sea). Samples from
platforms 8 and 10 were obtained from mature wells, whereas
the sample from platform 14 originated from a relatively
immature reservoir.

2.2 Sample preparation and irradiation

Nanostructured sodium bentonite clay, with an average particle
size of 40–70 nm, was sourced locally from the Republic of
Azerbaijan. For each experimental run, 0.20 g of Na-bentonite
was accurately weighed into 15 mL quartz ampoules. Subse-
quently, 1.00 mL of the crude oil sample was added, main-
taining a xed clay-to-oil mass ratio of 1 : 5. This ratio was
selected to ensure consistent and reproducible interaction
between the clay catalyst and the oil matrix across all experi-
ments. The ampoules were degassed under vacuum, and cryo-
genically frozen in liquid nitrogen. Following freezing,
a controlled amount of oxygen was introduced into the system
to induce partial oxidation of the bentonite surface. The
ampoules were then hermetically sealed under static vacuum
conditions. Gamma irradiation was performed at ambient
temperature using a sealed 60Co radiation source. The dose rate
was maintained at 10.05 rad s−1, and the irradiation time was
varied between 0 and 300 hours, corresponding to total absor-
bed doses ranging from 0 to 260 kGy. The detailed procedure is
presented in Fig. 1.

2.3 Analytical techniques

2.3.1 Density and rheological properties. Kinematic
viscosity was measured using a Hess-type capillary viscometer.
The dynamic viscosity was calculated by multiplying the kine-
matic viscosity by the corresponding density value, in accor-
dance with ASTM D445-19 × 101 standard.

2.3.2 Gas chromatography (GC). Radiolytic gaseous prod-
ucts were analyzed using Gazchrom-3101 and Svet-101 gas
chromatographs. The analytical system provided a hydrogen
detection sensitivity of K(H2) = 6.0 × 1013 molecules$(cm3
40300 | RSC Adv., 2025, 15, 40299–40310
mm)−1, enabling quantication of trace gas components
generated during irradiation.

2.3.3. Electron paramagnetic resonance (EPR). EPR
measurements were conducted using a Bruker EMX PLUS
spectrometer operating in the X-band region (9.75 GHz, l z 3
cm). The appliedmagnetic eld range was 0–6000 G (0–600mT).
This technique was employed to detect and characterize para-
magnetic species, particularly free radicals formed during
gamma irradiation of the crude oil-clay systems.

2.3.4 Fourier-transform infrared spectroscopy (FTIR). FTIR
measurements were conducted using a Varian 640 spectrometer
to evaluate changes in the vibrational spectra of both crude oil
samples and nanostructured bentonite clay before and aer
irradiation.

2.3.5 UV-vis spectroscopy. The optical absorption spectra
(ultraviolet and visible range) of the studied samples were
measured using a Cary 50 Scan spectrophotometer (Varian) in
the wavelength range of l = 200–800 nm. Changes in spectral
features as a function of gamma irradiation dose were analyzed
to elucidate the transformation pathways of aromatic and
polycyclic hydrocarbon structures.
2.4 Rheological and compositional data

Table 1 presents the physical properties of the crude oil
samples. The immature oil from platform 14 exhibited signi-
cantly higher density and viscosity, along with elevated
aromatic content, compared to themature oils from platforms 8
and 10.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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3 Results and discussion
3.1 FTIR spectral characterization of crude oil samples from
the gunashli eld

Fourier-transform infrared (FTIR) spectroscopy was employed
to elucidate the molecular features of crude oil samples
collected from three distinct production platforms (no. 8, 10,
and 14) within the Gunashli oil eld. The primary objective was
to differentiate the aliphatic and aromatic hydrocarbon frac-
tions and assess the maturity of the samples based on func-
tional group distributions. Representative FTIR spectra are
presented in Fig. 2.

Fig. 2a displays the FTIR spectrum of the crude oil from
platform no. 8, representative of a thermally mature sample.
Prominent absorption bands at 2924 cm−1 and 2849 cm−1

correspond to the asymmetric and symmetric C–H stretching
modes of aliphatic –CH3 groups, respectively. A moderate band
observed at 1605 cm−1 is attributed to C]C stretching vibra-
tions of aromatic systems. The bending modes at 1460 cm−1

and 1378 cm−1 further support the dominance of long-chain
aliphatic hydrocarbons, characteristic of mature oil.

In contrast, the spectrum of the sample from platform no. 14
(Fig. 2b), classied as immature, reveals substantially enhanced
absorption at 1605 cm−1, indicative of a higher aromatic
content. This is corroborated by the appearance of an intense
band at 819 cm−1, corresponding to the out-of-plane bending of
aromatic C–H bonds. A broad band in the vicinity of 3160 cm−1

suggests the presence of hydroxyl (–OH) functionalities or
moisture absorption. These observations align with the physi-
cochemical data (Table 1), which report increased aromatic
content (∼25 wt%) and elevated viscosity for this sample.

Fig. 2c presents the FTIR spectrum of the platform no. 10
sample, which also reects mature oil characteristics. While
Fig. 2 FTIR spectra of crude oil samples obtained from the Gunashli oil fi
latform no. 10 (mature oil).

© 2025 The Author(s). Published by the Royal Society of Chemistry
similar in spectral prole to platform no. 8, the slightly elevated
intensity at 1605 cm−1 suggests a moderate aromatic compo-
nent. The distinct band near 726 cm−1 may be associated with
long-chain linear alkanes and their crystalline domains.

A comparative evaluation of the spectra highlights a clear
trend between oil maturity and the balance of aliphatic versus
aromatic functional groups. Immature oils exhibit more intense
aromatic features, whereas mature samples are predominantly
aliphatic. This observation is consistent with established
thermal maturation processes, wherein aromatic structures
persist in less evolved oils due to limited thermal degradation.

Overall, FTIR analysis provides valuable insight into the
compositional variability of crude oils across the Gunashli eld.
Diagnostic vibrational bands, including those for –CH, C]C,
C]O, and –OH moieties, serve as reliable indicators for
assessing oil quality and maturity.

3.2 Dose-dependent formation of hydrocarbon gases in
catalyzed and non-catalyzed mature oil systems

The formation of low-molecular-weight hydrocarbon gases
during g-irradiation of mature crude oil was investigated over
a dose range of 0–250 kGy. Experiments were conducted both in
the absence and presence of nanostructured Na-bentonite clay
as a catalytic additive. The concentrations of radiolysis prod-
ucts—including CH4, C2H6, C2H4, and grouped hydrocarbon
fractions (

P
C3 to

P
C8)—were determined and analyzed as

functions of absorbed dose. The results are illustrated in
Fig. 3a–i, where Ni denotes the concentration of each gas in
units of 10−16 molecules mL−1 and D is the irradiation dose in
kGy.

3.2.1 Methane (CH4). As the dominant product, methane
showed a sharp increase in concentration up to ∼100 kGy, fol-
lowed by a plateau at higher doses (Fig. 3a). The catalytic system
eld: (a) platform no. 8 (mature oil); (b) latform no. 14 (immature oil); (c)

RSC Adv., 2025, 15, 40299–40310 | 40301
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Fig. 3 Effect of irradiation dose (D, kGy) on the concentration (Ni, 10−16 molecules mL−1) of hydrocarbon gases formed during g-radiolysis of
mature crude oil samples, with and without Na-bentonite catalyst: (a) CH4, (b) C2H6, (c) C2H4, (d)

P
C3, (e)

P
C4, (f)

P
C5, (g)

P
C6, (h)

P
C7, (i)P

C8.
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nearly doubled the CH4 yield compared to the non-catalyzed
sample, particularly above 150 kGy, suggesting enhanced C–C
bond cleavage in the presence of Na-bentonite.

3.2.2 Ethane, ethylene, and C3 hydrocarbons. Fig. 3b–
d present the dose-response curves for C2H6, C2H4, and

P
C3.

The formation of these gases also followed nonlinear trends,
with saturation occurring at higher doses. Catalytic conditions
signicantly increased the formation of ethane and

P
C3, while

ethylene exhibited a more moderate increase—likely due to its
higher reactivity and possible consumption in secondary
reactions.

3.2.3 C4 to C6 hydrocarbons. Production of C4, C5, and C6

hydrocarbons (Fig. 3e–g) increased substantially in catalyzed
systems. The yields were 2–3 times higher than those of non-
catalyzed samples. A plateau observed beyond ∼100 kGy
suggests a transition from primary bond scission to secondary
recombination or rearrangement processes.

3.2.4 C7 and C8 hydrocarbons. Fig. 3h and i show the
formation of heavier volatile hydrocarbons (

P
C7 and

P
C8),

which, although present in smaller quantities, also
40302 | RSC Adv., 2025, 15, 40299–40310
demonstrated a dose-dependent increase and marked catalytic
enhancement. These species likely form through recombina-
tion or oligomerization of smaller fragments, processes that are
facilitated on the surface of the nanostructured clay.

3.2.5 Catalytic impact and mechanistic insight. Across all
hydrocarbon groups, the presence of the nanostructured cata-
lyst led to consistently higher gas yields, especially at low to
intermediate doses (#100 kGy). This suggests that Na-bentonite
not only promotes early-stage radiolytic cleavage but may also
stabilize reactive intermediates, preventing their recombination
into less volatile species. At higher doses, a saturation effect
indicates the exhaustion of easily cleavable molecular struc-
tures within the oil matrix.
3.3 Platform-specic gas evolution behavior in the presence
and absence of Na-bentonite catalyst

To evaluate how oil composition and platform-specic charac-
teristics inuence radiolytic gas formation, crude oil samples
from platform 8 and platform 10 were irradiated under both
catalytic and non-catalytic conditions. The dose-dependent
© 2025 The Author(s). Published by the Royal Society of Chemistry
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yields of hydrogen and hydrocarbon gases (CH4 to
P

C8) are
shown in Fig. 4a–j.

3.3.1 Hydrogen and light hydrocarbons (H2, CH4, C2H6,
C2H4). Platform 10, especially under catalytic conditions,
Fig. 4 Dose-dependent formation of molecular hydrogen and hydroc
platform 10 under gamma irradiation, with and without Na-bentonite ca
P

C6, (i)
P

C7, (j)
P

C8.

© 2025 The Author(s). Published by the Royal Society of Chemistry
produced signicantly more H2 (Fig. 4a) and CH4 (Fig. 4b)
compared to platform 8. The Na-bentonite catalyst enhanced
the formation of ethane (Fig. 4c) in both oils, while ethylene
(Fig. 3d) was generated in greater amounts in non-catalyzed
arbon gases (CH4 to
P

C8) in crude oil samples from platform 8 and
talyst.(a) H2, (b) CH4, (c) C2H6, (d) C2H4, (e)

P
C3, (f)

P
C4, (g)

P
C5, (h)

RSC Adv., 2025, 15, 40299–40310 | 40303

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra05244k


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
O

ct
ob

er
 2

02
5.

 D
ow

nl
oa

de
d 

on
 2

/2
7/

20
26

 9
:4

1:
48

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
platform 8 oil, suggesting distinct fragmentation routes
depending on platform origin.

3.3.2 C3–C6 hydrocarbons. The
P

C3–
P

C6 fractions
(Fig. 4e–h) exhibited similar trends, with catalytic systems
consistently producing higher gas concentrations. Platform 10
showed a greater response to radiation, likely due to its higher
aliphatic and lower aromatic content.

3.3.3 Higher hydrocarbons (C7 and C8). The formation of
heavier hydrocarbons (

P
C7 and

P
C8; Fig. 3i–j) occurred mostly

at higher doses ($100 kGy), and was more pronounced in
catalyzed systems. The near-overlap of catalyzed and non-
catalyzed curves in platform 8 suggests molecular rigidity that
limits catalytic enhancement.

Overall, Na-bentonite signicantly increased gas formation
across all systems, but the extent of enhancement depended on
the oil's initial composition. platform 10 oils were more
responsive, indicating the importance of molecular structure in
determining radiolytic reactivity.

Further analysis reveals that at doses below ∼50 kGy, the
catalytic systems already show signicantly higher gas yields,
especially in light hydrocarbons. Saturation behavior is
observed beyond 150 kGy, indicating depletion of radiation-
sensitive moieties. In the case of

P
C8 species, formation was

not detected at low doses and appeared only aer 57 kGy,
consistent with the recombination of smaller fragments at
elevated radiation levels.

Additionally, structural transformations in the liquid phase
were detected in aromatic-rich oils. Changes in arenes and their
isomeric derivatives, particularly in platform 14 samples,
conrmed radiation-induced molecular rearrangement. This
further emphasizes that the efficiency of radiolytic conversion is
not only dose-dependent but also highly sensitive to oil
structure.

These ndings underscore the synergistic role of gamma
radiation and nanostructured catalysts in governing hydro-
carbon fragmentation and recombination pathways—critical
for advancing radiolysis-based upgrading technologies.
3.4 Structural rearrangement of aromatic compounds under
gamma irradiation

To further investigate the effect of gamma irradiation on the
molecular structure of crude oil, the concentrations of arenes
and their isomeric derivatives in the liquid phase were moni-
tored across a range of irradiation doses (0.7–260 kGy). The
experimental data, presented in Fig. 5, reveal a distinct trans-
formation trend inuenced by the absorbed dose.

At the lowest dose of 0.7 kGy, arenes dominate the molecular
prole, accounting for 25% of the mixture, while isomeric
compounds are limited to only 7.5%. As the irradiation dose
increases, a progressive decrease in arene concentration is
observed, accompanied by a corresponding increase in the
concentration of isomeric structures, which reaches 60% at 260
kGy.

This inverse relationship suggests that gamma irradiation
induces restructuring of the aromatic core, leading to the
formation of positional and structural isomers. The increasing
40304 | RSC Adv., 2025, 15, 40299–40310
formation of isomers with dose implies the involvement of
radiation-induced p-electron delocalization, ring contraction or
expansion, and possibly partial saturation or migration of
substituents under the inuence of energetic radicals.

These results strongly support the hypothesis that gamma
radiation facilitates molecular rearrangement, especially in
aromatics, and that the presence of a nanostructured catalyst
(such as Na-bentonite used in this study) may enhance these
processes through surface activation and radical stabilization.

The structural transformation from stable arenes to more
reactive isomeric species not only alters the chemical compo-
sition of the crude oil but also potentially improves its down-
stream reactivity and cracking behavior under rening
conditions. This metamorphism of the oil matrix under radia-
tion exposure is crucial for understanding radiolytic upgrading
mechanisms.

As the radiation dose increases, the content of arenes (1)
decreases, while the content of isomeric compounds (2)
signicantly increases, indicating radiation-induced molecular
rearrangement.
3.5 Transformation pathways of polycyclic aromatic
hydrocarbons under ionizing radiation: evidence from UV
spectroscopy

To further elucidate the structural metamorphism of crude oil
samples under ionizing radiation, a schematic transformation
pathway of polycyclic aromatic hydrocarbons (PAHs) to alkanes
was proposed. This transformation occurs progressively as the
radiation dose increases and can be conrmed via UV-vis
spectroscopy. UV-vis spectra conrmed a dose-dependent
transformation of PAHs in mature oils (latforms 8 and 10).
With increased gamma dose, absorbance peaks corresponding
to anthracene (∼375 nm), naphthalene (∼275 nm), and benzene
(∼255 nm) systematically disappeared. The sequential trans-
formation pathway was identied as.

The Scheme 1 illustrates the interconversion of benzene,
cyclohexane, cyclopentene, and various branched and linear
alkanes, representing typical isomerization and ring-opening
reactions involved in hydrocarbon processing.

Hydrocarbon transformation pathways play a crucial role in
understanding isomerization, ring-opening, and cracking
processes in organic and petrochemical chemistry.

Anthracene (3-ring PAH) / naphthalene (2-ring PAH) /

benzene derivatives / cycloalkanes / Alkanes.
This sequential degradation of condensed aromatic systems

is characteristic of mature crude oils exposed to gamma radia-
tion. The UV absorption spectra for crude oil samples obtained
from platforms 8 and 10—classied as mature oils—are illus-
trated in Fig. 10a–d. These gures show a gradual loss in the
characteristic absorption bands of aromatic compounds as the
dose increases.

� Fig. 6a: presence of anthracene, naphthalene, and benzene
derivatives.

� Fig. 6b: disappearance of anthracene bands, persistence of
naphthalene and benzene derivatives.

� Fig. 6c: only benzene-type signals remain.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Correlation between gamma irradiation dose and the concentration of arenes and isomeric structures in aromatic crude oil.
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� Fig. 6d: complete disappearance of aromatic absorption,
indicating transition to saturated hydrocarbons.

These results demonstrate the radiation-induced trans-
formation of aromatic systems toward aliphatic structures and
conrm the completion of metamorphic processes in mature
oils. The UV spectral analysis conclusively shows that arenes are
nearly depleted at higher doses.

By contrast, the UV spectrum of the immature crude oil
sample obtained from platform 14 (Fig. 6) still exhibits prom-
inent aromatic absorption bands even at elevated radiation
doses. This suggests that the metamorphic conversion of
aromatic hydrocarbons has not yet reached completion in these
samples, consistent with their lower maturity level.
3.6 Structural dynamics of arenes in immature crude oil
under gamma irradiation (platform 14)

Fig. 7 illustrates the variation in density as a function of gamma
irradiation dose for immature crude oil derived from platform
14. This oil sample, characterized by incomplete thermal
maturation, provides a valuable model for studying radiation-
induced structural transformations of aromatic compounds in
crude matrices.
Scheme 1 Structural transformations of hydrocarbons from aromatic to

© 2025 The Author(s). Published by the Royal Society of Chemistry
The graph clearly shows that, despite increasing doses of
gamma radiation (up to 260 kGy), arenes are not completely
decomposed. Instead, their progressive transformation reects
partial degradation, ring-opening, and molecular rearrange-
ments rather than complete elimination. This behavior
conrms the relative stability of certain aromatic frameworks
and highlights their resistance to radiolytic cracking under
moderate irradiation conditions.

In the broader context of metamorphism studies conducted
on crude oil from the Guneshli eld, this experiment aimed to
clarify how gamma dose inuences the molecular composition
and structure of immature oils. The analysis, based on physi-
cochemical methods, revealed dynamic changes in both
aromatic arenes and their isomeric derivatives, conrming the
role of radiation in altering the internal structure of the oil
matrix.

It is proposed that intermediate radiolytic fragments interact
with surface-active environments to form new molecular enti-
ties, including hydrides, alkylated species, organosilicon
copolymers, and p-complexes containing phenyl, diphenyl, or
anthracene-like units. Polycyclic aromatic hydrocarbons (PAHs)
with three or more rings (e.g., anthracene, tetracene) are
aliphatic forms.

RSC Adv., 2025, 15, 40299–40310 | 40305
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Fig. 6 UV spectra showing the transformation of condensed polycyclic aromatic hydrocarbons in crude oil samples from the Guneshli field
under increasing radiation doses. (a) Anthracene + naphthalene + benzene derivatives; (b) naphthalene + benzene derivatives; (c) benzene
derivatives only; (d) absence of aromatic bands – full transformation; (e) persistent aromatic peaks in immature crude oil from platform 14.
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particularly reactive toward dienes such as butadiene, enabling
[4 + 2] cycloaddition (Diels–Alder-type) reactions even at rela-
tively low temperatures. The condensation tendency follows the
order: benzene > diphenyl > tetracene > anthracene >
naphthalene.

These mechanistic insights suggest that the intermediate
fragments generated during irradiation can readily undergo
further transformations in the presence of surface-active
agents, yielding a range of condensed-phase p-complexes and
polymer-like species. The results support the conclusion that
radiation-induced metamorphism of immature crude oil leads
to a gradual reorganization of its aromatic core, potentially
improving reactivity and selectivity for downstream processes
such as catalytic cracking or functionalization.
40306 | RSC Adv., 2025, 15, 40299–40310
Despite high radiation doses, aromatic compounds are not
completely degraded, reecting their structural stability and
partial conversion into isomeric and rearranged derivatives.
3.7 Radiation-induced structural transformation of
aromatic hydrocarbons in crude oil

Gamma irradiation of crude oil samples from the Guneshli oil
eld has revealed signicant differences in their structural
reactivity depending on oil maturity and initial aromatic
content. Experimental ndings demonstrated that irradiation
of immature oils, particularly from platform 14, promoted the
formation of condensed aromatic hydrocarbons such as naph-
thalene, anthracene, and phenanthrene. These transformations
occur through a sequence of radiation-catalytic reactions,
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Variation in density (r, g cm−3) of immature crude oil from
platform 14 as a function of gamma irradiation dose (D, kGy), indicating
progressive transformation of arenes.
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driven by reactive intermediates formed during the radiolysis of
hydrocarbon chains.

Proposed pathways for aromatic hydrocarbon enrichment
include:

C6H5
+ + C6H5

+ / C10H8 + C2H2

C6H6 + C6H5
+ / C10H8 + C2H3

+

C10H7 + C4H3
+ / C14H10

C6H5 + C4H5
+ / C10H8 + H2

C10H7 + C5H5
+ / C14H10 + CH2

+

These reactions represent radical–radical coupling processes
that lead to ring condensation and extension, characteristic of
the transformation from smaller unsaturated species to poly-
cyclic aromatic hydrocarbons (PAHs).
Fig. 8 EPR spectra of crude oil samples obtained from platforms 8 and
10 of the Gunashli oil field: 1 and 2 – before and after irradiation of oil
from platform 8; 3 and 4 – before and after irradiation of oil from
platform 10.
3.8 Role of nanostructured catalysts in p–s transformation

The catalytic inuence of nanostructured Na-bentonite clay was
found to accelerate radiation-induced structural rearrange-
ments.20 The p-electron cloud of aromatic compounds readily
interacts with the catalyst surface, forming weak p-complexes
that facilitate molecular reorientation. As structural recongu-
ration progresses, p–s transitions occur, leading to the forma-
tion of covalent s-bonds between oil molecules and surface
atoms of the catalyst.

This process can involve hydrogen transfer reactions—
including hydrogenation, dehydrogenation, transalkylation,
and cracking—which contribute to redistribution of hydrogen
atoms and cleavage of C–C bonds. Nanoparticle interaction
promotes cooperative effects, which may either stimulate or
inhibit the formation of aromatic species and, in certain cases,
facilitate the assembly of macromolecular aggregates.
© 2025 The Author(s). Published by the Royal Society of Chemistry
3.9 Comparative analysis of oil maturity using EPR
spectroscopy

Electron Paramagnetic Resonance (EPR) spectroscopy was
employed to monitor the presence and transformation of
paramagnetic centers in the crude oil samples before and aer
irradiation. As shown in Fig. 8 oils from platforms 8 and 10
exhibited no signicant EPR spectral changes upon irradiation.
The g-factor (gz 2.0044) and linewidth (DB = 5.27 G) remained
constant, indicating no appreciable concentration of para-
magnetic species, such as vanadyl (VO2+) or Ni-porphyrin
complexes. This aligns with the classication of these oils as
geochemically mature, lacking the reactive aromatic structures
required for radiolytic transformation.

In contrast, the sample from platform 14 (Fig. 9) showed
a measurable increase in line width (DB = 5.50 G) and signal
intensity post-irradiation, consistent with the formation of new
carbon-centered radicals. The g-factor (g = 2.0041) remained
within the typical range for organic radicals, but the observed
changes conrm the structural immaturity of the sample and
the presence of radiation-sensitive arenes and their derivatives.
3.10 Structural reorganization and aromatic depletion in
mature crude oils under gamma irradiation

To evaluate the structural evolution of mature crude oil under
gamma irradiation, the variation in arene content and bulk
density of samples from platforms 8 and 10 was analyzed across
a radiation dose range of 0–260 kGy. These samples are classi-
ed as geochemically mature, characterized by low aromaticity
and the absence of high-molecular-weight asphaltenes.

3.10.1 Arene degradation dynamics. Fig. 10 shows a sharp
decline in arene concentration with increasing gamma dose.
Both samples initially contained ∼38 wt% arenes, which
steadily decreased to approximately 5.5 wt% (platform 10) and
5.2 wt% (platform 8) aer 260 kGy exposure. The nearly linear
trend across the dose range indicates a dose-dependent
RSC Adv., 2025, 15, 40299–40310 | 40307
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Fig. 9 EPR spectra of crude oil samples from platform 14 of the
Gunashli oil field: 1 – before irradiation; 2 – after irradiation.

Fig. 10 Dose-dependent decrease in arene content in mature crude
oil samples from platforms 8 and 10: 1 – platform 10; 2 – platform 8.

Fig. 11 Variation in density of mature crude oil samples under
increasing gamma dose:1 – platform 8; 2 – platform 10. The density
decreases by ∼1%, indicating radiolytic fragmentation of aromatic
structures.
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degradation mechanism. This process is attributed to the
homolytic cleavage of C]C bonds in the aromatic cores, fol-
lowed by hydrogen abstraction, radical recombination, and
ring-opening reactions. These pathways ultimately convert p-
conjugated systems into aliphatic fragments and isomeric
structures with reduced resonance stabilization.

The concentration of arenes falls from 38 wt% to approxi-
mately 5.5 wt% at 260 kGy.

3.10.2 Density response and structural interpretation.
Corresponding changes in density are presented in Fig. 11.

The initial density values of platform 8 and platform 10 oils
were 0.864 g cm−3 and 0.863 g cm−3, respectively. Following
irradiation up to 260 kGy, these values decreased to
0.8553 g cm−3 (platform 8) and 0.8552 g cm−3 (platform 10),
reecting an approximate 1% reduction. This decrease is
indicative of molecular fragmentation and the formation of
lighter hydrocarbons due to the breakdown of condensed
aromatic systems. The near-identical density proles for both
samples suggest compositional similarity and conrm the
40308 | RSC Adv., 2025, 15, 40299–40310
reproducibility of the radiolytic effect across adjacent oil
reservoirs.

3.10.3 Rheological implications. Although changes in
molecular composition are evident, the relatively small differ-
ences in density and arene loss between the two samples imply
that their rheological behavior remains largely unaffected. The
oils maintain comparable viscosity and ow properties, which is
consistent with their similar geological origin and molecular
architecture.

3.10.4 Catalytic context. It should be noted that these
experiments were conducted without the addition of catalytic
agents. Nevertheless, earlier results demonstrate that nano-
structured Na-bentonite clay substantially accelerates similar
radiolytic transformations. The catalytic surface facilitates p–s
electron transitions and enhances the degradation of aromatic
compounds through interactions with short-lived radicals. This
synergy between ionizing radiation and nanostructured clays is
critical for advancing radiolysis-driven oil upgrading
technologies.
4 Conclusion

This study provides experimental evidence supporting the
catalytic role of radiation in the metamorphism of hydrocar-
bons into mature petroleum, mediated by sodium-bentonite
clay and gamma irradiation. The Lewis acid sites of bentonite
may participate in the carbocation mechanism, but further
verication is required.

The results demonstrate that gamma-induced dehydration
of interlayer and pore water within nanostructured sodium-
bentonite clay generates hydrogen species, which in turn
promote the hydrogenation and breakdown of aromatic
hydrocarbons. A progressive disappearance of arenes was
observed with increasing radiation dose in mature oil samples,
particularly from platforms 8 and 10 of the Gunashli eld,
indicating an advanced state of metamorphism. In contrast,
immature oil from platform 14 retained a signicant aromatic
© 2025 The Author(s). Published by the Royal Society of Chemistry
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fraction, highlighting the incomplete transformation process at
lower radiation exposure.

A strong inverse correlation was identied between radiation
dose and both arene concentration and sample density, sug-
gesting that the depletion of high-molecular-weight aromatics
results in lighter hydrocarbon structures. This transformation
leads to a measurable decrease in oil density and conrms the
effectiveness of gamma radiation in simulating geological
maturation processes.

Electron Paramagnetic Resonance (EPR) spectroscopy sup-
ported these ndings by conrming the absence of asphalt-
enes—typical of high-molecular-weight aromatic compounds—
in mature samples, while their presence or partial trans-
formation was still detectable in immature oils.

Based on the sequential molecular transformations observed
(anthracene / naphthalene / benzene / cycloalkanes /

alkanes), as well as EPR spectral characteristics and the radio-
lytic pathways involved, we conclude that Gunashli petroleum
samples likely possess suggests a possible abiogenic contribu-
tion. The radiation-driven catalytic mechanism facilitated by
bentonite surfaces represents a plausible synthetic route for the
formation of light hydrocarbons in natural geological settings.

These ndings open up potential applications in articial
maturation of immature oils and advance our understanding of
nanoclay-radiation interactions in petroleum geochemistry.
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