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Ali Maghzi,? Arezou Jafari, (2 *@ Seyyed Mohammad Mousavi (2 **¢ and Riyaz Kharrat®

Challenges in heavy oil bioupgrading necessitate innovative approaches. Hence, we delved into the
simultaneous application of a bacterium (Geobacillus stearothermophilus) and Al,Os nanoparticles for
heavy oil upgrading at a high temperature. We used the central composite design method within Design
Expert software. The initial oil volume, upgrading time, and nanoparticle concentration were the main
variables. Aromatic/aliphatic content and oil viscosity were the two independent responses. Results
showed that nanoparticles could have accelerated bioupgrading. The zeta potential, FESEM and EDS
confirmed the absorption of nano alumina on the bacterial cell due to the formed ion—dipole interaction
between alumina and bacterial cells, which could have intensified the entry of heavy oil molecules into
the bacterial cell. The best outcomes were observed during 11.86 days, with 26% v/v initial oil and
0.46% W nanoparticles, as indicated by FTIR spectroscopy, which showed a reduction in the aromatic/
aliphatic index from 0.29613 to 0.07677 and a decrease in oil viscosity from 480 cp to 144 cp. Moreover,
as determined by GC-MS, a remarkable 100% decrease in certain cyclo compounds and a considerable
improvement in upgrading efficiencies for some contents such as cyclohexanes were observed. Also,
a 14% decrease in asphaltene content was associated with a decrease in the solo use of bacteria. These
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Introduction

The main objective of “bioupgrading” is to include all: (i)
activities that make the material easier to produce and trans-
port; (ii) chemical changes that increase the value of the oil
while reducing severe environmental impacts. Different reac-
tions that could change the properties of heavy crude oil are
included, but not limited to, cutting internal linkages of heavy
molecules such as asphaltenes, aromatics, and resins."

The degradation of asphaltenes into lighter fragments by
microorganisms is considered a key activity in bioupgrading.>
Species of Alcanivorax, Marinobacter, Thallassolituus, Cyclo-
clasticus, and Oleispira have been identified as key organisms
with major roles in the degradation of petroleum hydrocarbons
for cleaning up marine oil spills.? Some studies have shown that
bacteria of the species Raoultella, Ochrobactrum, and Serratia
can reduce the resin content of the heavy fraction of the refinery
distillation column, while increasing aliphatic and aromatic
contents.* One study showed that the amount of saturates
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findings highlight the synergistic efficacy of G. stearothermophilus and alumina in upgrading heavy oil.

increased, while the amounts of resins decreased, when using
native microbial consortia from oil-polluted soil samples.’
Laboratory research on the effect of bacteria on asphaltene
degradation showed that Pseudomonas species and Bacillus
species could degrade asphaltene molecules of heavy oil up to
28 °C during the 2 months of upgrading.® Pseudomonas species
played a key part in heavy oil upgrading, especially in desul-
furization. In this regard, one study showed sulfur removal from
bituminous coal at 30 °C over 60 h, with a maximum desul-
furization rate of 40.6%.” The ability of microorganisms to
upgrade heavy oil at high temperatures is also highly favorable
for the application of such bacteria in oil reservoirs. Results of
a study on the effect of Geobacillus stearothermophilus on
upgrading oil molecules showed a considerable reduction in oil
viscosity.? Research on the effect of G. stearothermophilus on the
stability of paraffin wax in crude oil structure showed that
microorganisms can use crude oil, thereby creating favorable
wettability and degrading residual oil.® A study of the adapt-
ability of microorganisms as a key parameter in bioupgrading in
a hydrocarbon environment containing normal alkanes has
shown that adaptability occurred later for C20+ than for lighter
molecules.” In environmental research on hydrocarbon
contamination due to the co-presence of a chemical mixture,
results showed that their removal from the environment cannot
rely on a single species alone.'* Investigation of the effect of
Enterobacter cloacae and Pseudomonas aeruginosa on the
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degradation of asphaltene molecules showed a strong depen-
dence on upgrading phenomena for the wettability of bacterial
cell surfaces. Results of studies on cell wettability alteration by
surfactants showed that surfactants rendered the cell surface
hydrophobic, thereby improving the degradation of asphal-
tene."” One study investigated the effect of Enterobacter cloacae
and Acinetobacter calcoaceticus for biosurfactant production as
a key metabolite for enhanced oil recovery and reported that
Enterobacter species increased oil recovery by up to 67%." One
study focused on enriching several bacterial consortia from
oilfield samples. Results revealed up to a 127% increase in
saturates, a 54% decrease in aromatics, 52% decrease in
asphaltene, and 87% increase in resins." Some scholars have
investigated other heavy oil recovery and upgrading methods.
Zhang™ studied a steam flow model for a horizontal wellbore in
the SAGD process. Results showed that in the area between
horizontal well patterns, the temperature rise was not obvious,
and most of the heat energy was recovered after a long period of
steam injection. Scholars have investigated the catalytic
performance in upgrading heavy oil by synthesizing active
microemulsion catalysts'® and by using a novel nanocomposite
catalyst for aquathermolysis."”” Results showed that the rate-
controlling step in light hydrocarbon production was no
longer operative when the temperature increased from 70 °C to
90 °C. Furthermore, recent research has demonstrated the
application of nanostructures, such as nanosheets, to improve
heavy oil quality.'® However, applying microorganism metabo-
lites in heavy oil upgrading has been the center of attention.
Recently, scholars investigated the synergetic effect of synthetic
nanosilver particles and microbial surfactants in the enhance-
ment of crude oil recovery, and results showed a final increment
of 19.49% in oil recovery.*

Recent studies have shown that nanotechnology could help
biotechnology in heavy oil bioupgrading. Adsorption of alumina
nanoparticles onto bacterial cells could improve bi-
odesulfurization, a key mechanism in bioupgrading,®** besides
other applications of nanostructures in heavy oil upgrading.>>**
Biosorption, as one of the key mechanisms in the absorption of
heavy metal oxide pollutants from the environment, has
recently emerged as a synergetic field of biotechnology and
nanotechnology.”*** The development of such synergy has
increased in recent years; for example, the application of She-
wanella oneidensis MR-1 cells led to high efficiency in removing
metal pollutants at the nanoscale over 24 h.>®

Other studies have shown the coupled effect of silver (Ag),
iron oxide (Fe;0,), and alumina nanoparticles, and their
interactions if incorporated into a collagen (C)-based nano-
biocomposite (NBC). Results showed that an NBC from bi-
owaste provided enhanced antibacterial effects and
reinforcement for biological applications.”””** Another study
evaluated the coupled effect of CuO nanorods with soy protein,
which, due to its enhanced thermal stability, was considered an
eco-friendly and cost-effective NBC for industrial and pharma-
ceutical applications.®® However, the solo function of nano-
technology in removing pollutants by developing cracking and
absorption mechanisms has been a trend.**?* Studies have
shown that nanostructures such as nano alumina and iron
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oxide, which are not toxic to microorganisms, can facilitate the
bacterial metabolism of heavy oil molecules. However, no study
has examined the simultaneous effect of G. stearothermophilus
bacteria and Al,O; nanoparticles on upgrading heavy oil under
reservoir conditions.*

This work presents, for the first time, novel nano-
bioupgrading at higher temperatures. The literature mainly
refers to the potential of other bacteria and only at ambient
temperatures. Furthermore, studies have focused on nano-
biodesulfurization without quantitatively analyzing the chem-
ical changes of heavy oil molecules. Nevertheless, no
comprehensive analysis has been conducted using a combined
qualitative and quantitative approach to examine the structural
changes in the composition of heavy crude oil resulting from
nanobioupgrading by G. stearothermophilus and Al,O; nano-
particles. Hence, we studied the impact of simultaneous use of
G. stearothermophilus bacteria and Al,O; nanoparticles in the
structural upgrading of heavy crude oil under reservoir condi-
tions. We did this to minimize environmental apprehensions
and to enhance crude oil value before exposure of its hazardous
components to the environment, which has not been studied
before.

Materials and methods
Materials

Nutrient broth (NB) and nutrient agar (NA) from Merck were
used as the growth media for bacteria. Asphaltenic heavy crude
o0il (20 API) was collected from one of the heavy oil fields in Iran.
It contained 0.24% W of nitrogen and 4.29% W sulfur content.
The original SARA test showed 47.9% saturates, 28.10%
aromatics, 14.9% resins, and 9.10% asphaltenes. A control
laboratory experiment was run under the same experimental
conditions, without any microorganism solution, by keeping
the original crude oil in a shaker incubator at 60 °C to distin-
guish biological from abiotic effects on crude oil upgrading. G.
stearothermophilus strain (PTCC number 1713) was purchased
from the Iranian Research Organization for Science and

Fig.1 TEM for applied alumina nanoparticles.
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Fig. 2 XRD analysis for applied alumina nanoparticles.

Technology. Al,O; nanoparticles (average particle size: 20-30
nm) were purchased from Nano-Sani and used as the nano-
structured material in this research. Fig. 1 and 2 show the TEM
and XRD analyses for alumina nanoparticles, respectively.

Methods

The genus Geobacillus was created by Nazina et al. in 2001 based
on Bacillus (now Geobacillus) stearothermophilus DSM22 as the
type strain. Other additions followed, and most of these species
had an optimum growth range at 55-65 °C. These bacteria can
maintain membrane fluidity at high temperatures and form
heat-resistant spore-forming biofilms. They usually utilize
carbon for heterotrophic/autotrophic growth.*® Hence, such
characteristics have made them excellent choices for hydro-
carbon upgrading in environmentally harsh conditions.
Samples were placed in an autoclave at 120 °C for 15 min
before adding oils to remove potential contamination and
microorganisms from the nutrient medium. For all upgrading
experiments, bottles were placed in a shaker incubator for the
specified upgrading times. Although G. stearothermophilus is
a facultative bacterial strain, in this research, the shaker rota-
tion was set to 140 rpm under aerobic conditions to achieve
acceptable aeration. G. stearothermophilus was selected to
enrich the novelty of our research but also for its abilities. The
first precautionary preparations, such as monitoring the growth
of purchased G. stearothermophilus on NA plates, were per-
formed in an incubator at 60 °C to ensure there were no
pollutants from the original bacterial environment. Further-
more, to conclude the logarithmic growth curve of the bacte-
rium for subsequent inoculation runs, the optical density at
600 nm (ODgy) of nutrient media containing G. stear-
othermophilus was recorded by a spectrophotometer to obtain
the growth curve of the bacteria. This growth curve was
considered for all inoculation runs. Also, in all tests, oil was
added to samples at the logarithmic phase of the growth curve.
Incubations were run at a fixed environmental condition of 60 °
C upon 140-rpm aeration. Time was considered the key variable
in upgrading experiments. The other variable parameters in the
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Table 1 Table generated through the CCD method

Run  Oil content (%V) Time (day) Nanoparticle content (%W)
1 17 9 0.4
2 17 23 0.4
3 23 9 0.4
4 20 16 0.5
5 14 16 0.3
6 23 23 0.4
7 23 9 0.2
8 20 16 0.3
9 23 23 0.2
10 20 30 0.3
11 20 16 0.3
12 26 16 0.3
13 20 16 0.3
14 20 2 0.3
15 17 9 0.2
16 20 16 0.1
17 17 23 0.2
18 20 16 0.3

experiment were the initial oil volume percent and the nano-
particle concentration. Two key measured responses were
considered based on the experimental design: ratio of
aromatic : aliphatic content index and oil viscosity. Due to the
novelty and importance of unifying the experiment temperature
with the reservoir temperature, and the importance of the
adaptability of bacteria to the real environmental conditions of
the oil reservoir, the upgrading test temperature was fixed at
60 ©°C. Other environmental conditions, such as aerobic/
anaerobic states and shaker aeration rates, were fixed to elim-
inate any extra effect upon test results. In line with the planned
research, as well as pilot and field scales, heavy oil was sourced
from one of the heavy oil fields in Iran. Based on the considered
levels of variables, the designated experimental table (Table 1)
for the central composite design (CCD) methodology in Design
Expert software, containing 18 runs, was followed.

Preparation of samples

First, 18 runs of Erlenmeyer flask-containing NB media were
done. Then, nanoparticles were dispersed using an ultrasonic
probe in 18 sets of pre-sterilized Erlenmeyer flasks containing
NB media. Then, the inoculation was run by 10% inoculation
from the base Erlenmeyer flask into each Erlenmeyer flask.
Before inoculating 10% into 18 Erlenmeyer flasks, the bacterial
count was run; the colony count was 150-200 CFU per mL. After
10% inoculation into each of 18 Erlenmeyer flasks, the counting
was repeated, and the results were in the order of 150 CFU per
mL. Finally, oil was added to the Erlenmeyer flasks as detailed
in Table 1, and the flasks were placed at 60 °C in a shaker
incubator.

Extraction of upgraded oil

Upgraded oil samples were separated from the bacterial
medium using filter paper after the specified upgrading time, as
shown in Table 1.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Analyzing the oil

We analyzed the original and upgraded samples using qualita-
tive and quantitative methods. (i) Qualitative analysis through
viscosity measurement, Fourier transform infrared (FTIR)
spectroscopy, gas chromatography-mass spectrometry (GC-MS),
and field emission scanning electron microscopy (FESEM); (ii)
quantitative analysis using mass analyses and nano-
bioupgrading efficiency (NBUE) analyses. A control laboratory
experiment was run in the same experimental condition
without any microorganism solution separately at the optimum
point. This was done by running the tests in the presence of
nanoparticles and bacteria to distinguish the biological effect
and nanoparticle effect on crude oil upgrading. Then, FTIR
spectroscopy, GC-MS and viscosity measurement were done.

Viscosity

Viscosity measurements were performed in accordance with the
details in Table 1 to analyse the effect of the range of variables
on upgrading using the Brookfield rotational rheometer (USA).
Based on predefined experiments, for each run, the Erlenmeyer
flask was removed from the shaker incubator and, hence, the
viscosity measurement was conducted at the ambient
temperature.

Mass analysis

The upgrading of crude oil was quantified using mass analysis.
The crude oil present in the fermentation broth was extracted
using filter paper. The concept of the mass analysis method
originates from the quantitative method, which has been shown
(by Rehman et al.*’) to provide quantitative measurement of oil
degradation percentage. The extraction was repeated twice to
completely remove crude oil from the bacterial solution. Then,
quantitative upgrading was estimated by dividing the weight of
the upgraded oil sample by that of the original oil sample.

FTIR spectroscopy

FTIR spectroscopy was used to analyze the variation in func-
tional groups between the original crude oil and upgraded oils.
Tests were run on an FTIR spectrometer (Thermo Scientific,
USA). Results were presented as spectra with peaks between 400
and 4000 cm™ ', at a resolution of 1 ecm™'. The peaks of the
original crude oil and those of upgraded oils after different
upgrading times were compared. To quantitatively analyze
upgrading of crude oil in terms of key fractions such as
aliphatics and aromatics, some indices were defined, and FTIR
spectra were analyzed.

GC-MS

We ran a GC-MS instrument using a stainless-steel column of
dimensions 31 x 16 x 28 cm (6890N/NSD:5973; Agilent Tech-
nologies, USA). The SimDis system was used as the GC-MS
solution software. Our novel method also calculated NBUE.
High-temperature-gas chromatography (HT-GC) with toluene as
the solution was applied using a high-temperature GC metal
column because most of the fractions fall within the range of

© 2026 The Author(s). Published by the Royal Society of Chemistry
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C40-C60 with boiling points in the range 500 to 800+ °C. The
device was engineered to withstand such high temperatures.

The mass selective detector (MSD) we used combined the
separation power of GC with the mass analysis capabilities of
a mass spectrometer. A fast-heating oven with 240 V/15 A power
was employed. The power cord was rated for 250 V/15 A and was
a two-pole, three-wire cord with grounding (type L6-15R/L6-
15P). The injection temperature was 50 °C to 450 °C.

NBUE

In the quantitative analysis of GC-MS data, some key aliphatic
and aromatic molecules were focused upon to find the nano-
bioupgrading capability of G. stearothermophilus.>® They could
be measured by the NBUE index for each component, which is
the weight of the component in the upgraded oil divided by its
weight in the original oil. The weight of each component was
extracted from GC-MS results.

FESEM

FESEM was performed to confirm the morphology and bacilli
shape of G. stearothermophilus. Also, the decoration of G.
stearothermophilus bacteria with nanoparticles was shown.

EDAX

To confirm the purity and distribution of constituents in the
nanobacterial solution, an EDAX test was performed on the
final nanobiosolution containing G. stearothermophilus and
alumina nanoparticles, prepared at the optimal nanoparticle
concentration (0.46% W). The EDAX test was supported by
FESEM to depict the true cell permeability.

Zeta potential

To support the FESEM observation on the bacterial decoration
by nanoparticles, zeta potential measurement and supplemen-
tary FESEM at the optimum nanoparticle concentration (0.46%
W) were run to prove the surface charge of nanoparticles.

Results and discussion

We investigated the nanobioupgrading potential of the simul-
taneous use of G. stearothermophilus bacteria and alumina
nanoparticles under predefined environmental conditions. The
test temperature was set at 60 °C. The experiment was run under
aerobic conditions, with the shaker incubator aeration set to
140 rpm during different upgrading time intervals. The
different levels of crude oil quantities and nanoparticle
concentration were maintained as per Table 1. To analyze the
nanobioupgrading process, FTIR spectroscopy and GC-MS were
performed to investigate the results quantitatively and in line
with qualitative analysis.

Mass analysis

The quantitative upgrading of crude oil was determined by
mass analysis. Crude oil weight was measured before and after
upgrading at different upgrading times, and the initial oil

RSC Adv, 2026, 16, 7022-7039 | 7025
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Fig. 3 Upgrading percentage for 18 experiment runs using the mass method.

volume and nanoparticle concentrations were measured. The
upgrading percentage was calculated. The results are shown in
Fig. 3. According to the results, the upgrade was delayed by up
to 12 days. After 12 days, the slope of the curve was relatively
smooth. This may have been due to nutrient consumption in
the media. After 28 days, as soon as the bacteria fully adapted to
the crude oil medium and began using oil molecules as
a monoenergetic source, the upgrading process began to speed
up. According to the experimental design based on the 18
designated runs in Table 1, the software generated four iden-
tical center points to emphasize the reproducibility. In this step,
the run numbers 8, 11, 13, and 18 had the same condition and
were designed solely to check and confirm reproducibility. The
results of these runs confirmed that the measurements were in
the same range.

Table2 FTIR spectroscopy of crude oil alteration during upgrading for
18 runs

Aromaticity Aliphatic

Run index index

Original crude oil 0.1678 0.7236
Run 01 0.0640 0.8334
Run 02 0.1632 0.7344
Run 03 0.2310 0.3461
Run 04 0.1990 0.2710
Run 05 0.5225 0.1721
Run 06 0.5027 0.0437
Run 07 0.4071 0.2976
Run 08 0.2071 0.3679
Run 09 0.5106 0.0567
Run 10 0.2498 0.0413
Run 11 0.4494 0.1674
Run 12 0.3190 0.2558
Run 13 0.1391 0.0195
Run 14 0.2439 0.4127
Run 15 0.2657 0.2964
Run 16 0.3208 0.0113
Run 17 0.0628 0.2036
Run 18 0.3643 0.4057

7026 | RSC Adv, 2026, 16, 7022-7039

FTIR spectroscopy for upgraded oils

FTIR spectroscopy was used to analyze the variation in func-
tional groups between the original crude oil and upgraded oils.
Two major indices were defined to quantitatively analyze the
upgrading of crude oils in terms of key compounds.*® The
results of the analysis are shown in Table 2. Aligned with the
FTIR spectra shown in Table 2 for 18 runs shown in Table 1,
aliphatic molecules at 2953-2954 cm ™" were not present in the
original crude oil, and were formed and detected in the
upgraded oil after 12 days of upgrading. This may have been
due to the cleavage of carbon-carbon double bonds in the range
1904 cm ' and aromatics in the range 862 ¢cm ™', which di-
sappeared after 12 days of upgrading. However, the other
aliphatic peaks at 2927.23, 2855.54, 1462.87 and 1377.00 cm ™
in the original oil varied during the upgrading process. As
shown in Table 2, the aromaticity index for the original crude oil
was 0.1678, which increased to 0.2439 after 2 days and then
decreased to 0.0640 after 9 days of upgrading with 0.4% W
nanoparticles. The first jump may have been due to the
unpredictable but favorable behavior of bacteria. This decrease
for up to 9 days was a desirable achievement. Due to the
importance of the ratio of aromatic:aliphatic contents, the
ratio of indices was considered as a key response for optimizing
results. As with the aliphatic index, the aromatic analysis did
not rely solely on the 862 cm ™' peak. Peaks at 744.29, 810.37,
862.80 and 1573.59 cm ™' were considered as aromatic peaks
and involved in index calculation.

However, the discrepancy after 9 days may reflect the
unpredictable behavior of bacteria in selecting hydrocarbon
molecules for their metabolism. The same behavior was shown
for the aliphatic index.

FESEM

FESEM was performed to confirm the morphology and bacilli
shape of G. stearothermophilus, as well as the decoration of
nanoparticles on the cell surface. The results are shown in
Fig. 4-7. The rod shape of Bacillus species could be detected by

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 FESEM of G. stearothermophilus decorated with alumina nanoparticles at 0.1% W concentration with magnifications of (a) 200 nm, (b)
100 nm, (c) 500 nm, (d) 200 nm and bacterial cell situation with magnifications of (e) 500 nm, (f) 2 um, (g) and (h) 1 pm.

FESEM. Also, the decoration was better than the others at the
highest nanoparticle concentration. Fig. 4a and b depict the

200 nm and 100 nm, respectively. Fig. 4c-f show the situation of
bacterial cells at different magnification scales. Fig. 4g and h

nanoparticle decoration on bacterial cells at magnifications of depict the nanoparticle decoration at magnifications of 500 nm

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 FESEM of G. stearothermophilus decorated with alumina nanoparticles at 0.3% W concentration for magnifications of (a) 500 nm and (b)

200 nm.

Alumina
nanoparticles on the
bacterial cell surface

Fig. 6 FESEM of G. stearothermophilus decorated with alumina nanoparticles at 0.5% W concentration showing (a) agglomeration of particles

and (b) fully dispersed nanoparticles.

and 200 nm, respectively. Fig. 5 shows G. stearothermophilus
decorated with alumina nanoparticles at 0.3% W concentration
with different magnification scales. Fig. 6 depicts such decora-
tion with alumina nanoparticles with 0.5% W concentration
with different magnification scales.

EDAX

EDAX test results, as shown in Fig. 7a, showed the decoration of
the constituents on the bacterial cell, which mainly contained Al,

7028 | RSC Adv, 2026, 16, 7022-7039

O and C elements, confirming the absorption of nano alumina
on the bacterial cell. These EDAX data were supported by FESEM
to depict the decoration and actual cell permeability (Fig. 7b).

Viscosity

The results of viscosity measurements are shown in Table 3 and
Fig. 8. After 12 days of upgrading, the viscosity reached its
optimum, decreasing by over 50%. This result aligned with
those of FTIR spectroscopy and GC-MS.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 (a) EDAX test and (b) FESEM depict the decoration of nano alumina on the bacterial cell surface.

Optimization summarized in Table 3. Furthermore, ANOVA tables for both
responses are shown through Tables 4 and 5. As shown in

Based on quantitative FTIR spectroscopy and viscosity . )
Fig. 9a-e, changes in the three variables clearly affected the

measurements across all 18 runs, the final results are
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Table 3 Analyzed responses based on the measurements for 18 runs

View Article Online
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Factor 1 Factor 2

Run 0Oil content (%V) Upgrading time (day)

Factor 3 Response 1 Response 2

Nano (%W) Aromatic/aliphatic index Viscosity (cp)

Original oil — —

Upgraded oil — 14
Run 01 17 9
Run 02 17 23
Run 03 23 9
Run 04 20 16
Run 05 14 16
Run 06 23 23
Run 07 23 9
Run 08 20 16
Run 09 23 23
Run 10 20 30
Run 11 20 16
Run 12 26 16
Run 13 20 16
Run 14 20 2
Run 15 17 9
Run 16 20 0.16
Run 17 17 23
Run 18 20 16
500
400
& 300
Z
2 200
100
0

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
Run Number

Fig. 8 Viscosity measurement for 18 experiment nanobioupgrading
runs.

responses. The optimization was run to minimize both
responses, in line with the research goals.

The ANOVA table for the first response (aromatic/aliphatic
index) is shown in Table 4. The data were matched with
a quadratic model. However, to validate the model and obtain
a significant model, the terms AC (initial oil percent x nano
concentration) and B> (upgrading time) were crossed. Hence,
the final modified quadratic model for the first response was:

Aromatic/aliphatic index = + 50.39974 + 0.038953
x 1initial oil percent — 2.20140
x upgrading time — 211.61515
X nano concentration + 0.11260
x oil x time + 0.70214 x time
x nano-0.036917 x oil®
+277.28227 x nano? (1)

7030 | RSC Adv, 2026, 16, 7022-7039

— 0.2319 480
— — 200
0.4 0.0768 150
0.4 0.2222 250
0.4 0.6674 154
0.5 0.7343 135
0.3 3.0360 135
0.4 11.5034 260
0.2 1.3679 210
0.3 0.5629 137
0.2 9.0053 149
0.3 6.0484 270
0.3 2.6846 137
0.3 1.2471 139
0.3 7.1333 137
0.3 0.5910 460
0.2 0.8964 208
0.1 28.3894 140
0.2 0.3084 149
0.3 0.8980 200

The viscosity measurement in the final run (18) was outside
the range of other data, and this run was a center point that
replicated the same condition as runs 8, 11, and 13. Hence, the
viscosity data from run 18 were removed to validate the model.
The ANOVA table for the second response (viscosity) is shown in
Table 5. The data were matched with a quadratic model. To
validate the model and obtain a significant model, the terms AB
(initial oil percentage x upgrading time) and AC (initial oil
percentage X nano concentration) were crossed. Hence, the
final modified quadratic model for the second response was:

Viscosity = +486.77496 + 20.01042
x 1initial oil percent — 54.41722
x upgrading time — 619.56250
X nano concentration + 58.12500
x upgrading time X nano concentration
— 0.48750 x initial oil percent? + 1.07372
x upgrading time® — 426.25000
X nano concentration’ (2)

In Fig. 9a, for example, the higher oil volume maintained the
aromatic/aliphatic index but also increased over time, unless for
an upgrading time <16 days. Conversely, the lower oil volume
had an acceptable aromatic/aliphatic range even for a long
upgrading time, which may demonstrate the bacterial ability to
metabolize low-volume oils. Fig. 9b-e show that the aromatic/
aliphatic index for a higher initial oil volume could have
remained low enough even by that time. This may be due to the
higher concentration of nanoparticles (>0.1% W), which could
be absorbed by the cell and intensify the upgrading process.
However, this trend reached an optimum nano concentration of
0.4% W. The reason may be that after this concentration, the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 4 ANOVA table in Design Expert software for the first response (aromatic/aliphatic index)

Source Sum of squares Mean square F-value p-value probe > F Validity
Model 515.67 73.67 2.47 0.0949 Significant
A-oil 19.06 19.06 0.64 0.4431

B-t 52.37 52.37 1.75 0.2150

C-nano 185.09 185.09 6.19 0.0321

AB 44.73 44.73 1.50 0.2492

BC 1.93 1.93 0.065 0.8044

4 2.68 2.68 0.090 0.7707

c? 186.65 186.65 6.25 0.0315

Residual 298.82 29.88

Lack of fit 271.41 38.77 4.24 0.1312 Not significant
Pure error 27.41 9.14

R-squared 0.6331

Adj R-squared 0.3763

Std. dev. 5.47

Mean 4.19

Table 5 ANOVA table in Design Expert software for the second response (viscosity)

Source Sum of squares Mean square F-value p-value probe > F Validity
Model 96 893.82 13 841.97 7.90 0.0021 Significant
A-oil 37.52 37.52 0.021 0.8866

B-t 5383.89 5383.89 3.07 0.1102

C-nano 478.52 478.52 0.27 0.6127

BC 13 243.78 13 243.78 7.56 0.0205

A® 420.00 420.00 0.24 0.6350

B? 60394.37 60394.37 34.46 0.0002

c? 396.41 396.41 0.23 0.6446

Residual 17 525.42 1752.54

Lack of fit 14 548.67 2078.38 2.09 0.2920 Not significant
Pure error 2976.75 992.25

R-squared 0.8468

Adj R-squared 0.7396

Std. dev. 41.86

Mean 190.03

high-concentration nanoparticles could act as a barrier against
the entrance of hydrocarbons through the cell. This mechanism
could be improved by working on the initial oil concentration
and nano concentration, besides the time. A lighter oil with
a higher API degree could be more suitable for bacterial
metabolism. Even for such a heavy oil, modified nanostructures
(by applying a special coating) or using additives such as
surfactants instead of increasing the nano concentration may
improve the nanobioupgrading even slightly.

The optimization was summarized as an aromatic/aliphatic
index of 0.07677, viscosity of 143.897 cp at a nano concentra-
tion of 0.46% W, upgrading time of 11.86 days, and oil volume
percent of 26 %V. Based on the research objectives, the opti-
mization goal was set on minimizing the upgraded oil viscosity
and minimizing the aromatic/aliphatic index.

GC-MS analyses of upgraded crude oil

To analyze the structural changes in crude oil molecules in
more detail, GS-MS for upgraded oils was run to assess the
alteration of crude oil as per the 18 runs detailed in Table 6.

© 2026 The Author(s). Published by the Royal Society of Chemistry

GC-MS allowed export of a sheet listing the identified
compounds for each scan, with the maximum probability.
Other GC-MS results showed the mass percentage of each
compound relative to the total oil mass. Hence, with a known
weight of each oil, the quantity of each compound was calcu-
lated in grams. As shown in Table 6, some heavy compounds in
crude oil were completely transformed via nanobioupgrading.
Most of these compounds were branched and cyclo
compounds, which have a major role in heavy, viscous crude
oils. For example, cyclo hydrocarbons such as 1R,2c¢,3 t,4t-
Tetramethyl-cyclohexane, and Cyclohexane,1,1,3-trimethyl-
were fully transformed and, conversely, the contents of some
aliphatic hydrocarbons such as Eicosane increased. This means
the bacteria could break chains and cyclo compounds.
However, some unwanted transformation was observed in
compounds such as 28-Nor-17.beta.(H)-hopane. This may have
been related to the vaporization of volatile compounds and the
decrease in bacterial activity during that time. The compounds
cited in Table 6 played the part of donors.

These results aligned with the quantitative results of the
FTIR spectra shown in Table 2. As shown in Table 6, cyclo

RSC Adv, 2026, 16, 7022-7039 | 7031
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Fig. 9 Aromatic/aliphatic variation versus oil volume percent and
upgrading time for (a) 0.1% W, (b) 0.2% W, (c) 0.3% W, (d) 0.4% W and (e)
0.5% W nanoparticle concentration.
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compounds sharply decreased following nanobioupgrading
during the first 2 weeks. However, a slight decrease was
observed in branched aliphatic compounds. Conversely,
aliphatic compounds increased during 12 days. Based on
software-optimization results, 11.86 days would have been the
optimal nanobioupgrading time during which bacteria could
have maintained their metabolism as before. Furthermore, the
chromatograms of GC-MS analysis for three statuses are shown
in Fig. 10a-c: the original oil, bioupgraded oil and nano-
bioupgraded oil at optimum conditions.

Nanobioupgrading efficiency (NBUE)

In the quantitative analysis of GC-MS results, key aliphatic and
aromatic molecules were targeted to assess the nanobioupgrading
capability of G. stearothermophilus.*® The results are summarized
in Table 6. As shown in the table, BE for most items was 100%.
This means that G. stearothermophilus could have completely
upgraded the crude oil in that fraction. Conversely, some fractions
were increased in upgraded oils. This means these items were
formed during the upgrade of the other fractions.

Based on the achieved results and literature review,
a comprehensive analysis of the capability of G. stear-
othermophilus to bioupgrade heavy crude oil at high tempera-
tures, focusing on the direct function of microorganisms, has
not been done. Studies have mainly discussed the indirect role
of bacteria in heavy oil upgrading through the production of
their metabolites. However, in our research, the direct role of
bacteria in upgrading by exposing heavy crude oil to bacterial
cells was discussed. This achievement could be considered a key
part of the novelty of our research, especially the type of applied
bacteria: G. stearothermophilus. Previous studies have mainly
applied other types of bacteria. Furthermore, another aspect of
research novelty may be the combined and simultaneous
application of bacteria and nanoparticles to show such direct
application of bacterial cells in heavy oil upgrading. Other
shortcomings in previous research may be the lack of investi-
gations on reusing the bacterial medium to upgrade heavy
crude oil. Hence, we investigated the capability of G. stear-
othermophilus. Our investigations confirmed the ability of
microorganisms to use n-alkanes and other aliphatic hydro-
carbons as a sole source of carbon, supported by the presence of
multiple microsomal Cytochrome P450 enzyme systems. P450
enzymes catalyze the first step in alkane degradation, which is
then processed by fatty alcohol oxidase and fatty aldehyde
dehydrogenase, or by P450 monooxygenase, to yield fatty acids.
We observed the same predicted pathway during heavy oil
upgrading by water-soluble (hydrophilic) G. stearothermophilus.
It means oxidation played a key part in upgrading pathways,
such as the formation of hexyl-octyl ether.

The degradation pathway of cyclohexane under anaerobic
conditions has been reported to be analogous to that of n-
alkanes using glycyl radical enzymes. The most common initial
reaction during the anaerobic degradation of saturated and
aromatic hydrocarbons, observed in several physiological types
of anaerobes, is a radical reaction of hydrocarbons with fuma-
rate, yielding substituted succinates.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 6 Nanobioupgrading efficiency of G. stearothermophilus in terms of crude oil components

Bio upgrading Nano upgrading Nanobio upgrading

Compound Prob% Origin mass Mass E* (%) Mass NE®? (%) Mass NBUE” (%)
Heptane, 2-methyl- 81 1.525 0 100 0.305 80 0 100
Hexane, 1,1’-oxy bis-(dihexyl ether) 50 1.126 0 100 0 100 0 100
Hexane, 2,4-dimethyl- 95 3.408 0 100 0.341 90 0 100
Heptane, 2,6-dimethyl- 70 1.101 0 100 0.110 90 0 100
Cyclohexane, 1,1,3-trimethyl- 69 2.108 0 100 1.476 30 0 100
Nonane 69 5.438 0 100 0.544 90 0 100
Octane, 2,6-dimethyl- 82 2.773 0 100 0 100 0 100
Heptane, 3-ethyl-2-methyl- 85 0.758 0 100 0 100 0 100
1R,2¢,3t,4t-Tetramethyl-cyclohexane 70 0.583 0 100 0.292 50 0 100
Nonane, 4-methyl- 85 0.702 0 100 0 100 0 100
Octane, 2,3-dimethyl- 78 5.246 0 100 0.525 90 0 100
Decane 95 1.630 0 100 0 100 0 100
Decane, 4-methyl- 74 0.795 0 100 0.040 95 0 100
Decane, 5-methyl- 54 0.425 0 100 0.021 95 0 100
Decane, 2-methyl- 96 0.826 0 100 0.041 95 0 100
Undecane 85 5.711 1.723 69.8 4.425 5 1.228 78.5
Hydroxylamine, O-decyl- 66 0.511 0 100 0 100 0 100
2,3-Dimethyldecane 58 0.590 0 100 0.059 90 0 100
Dodecane 83 5.355 0 100 0 100 0 100
Undecane, 2,6-dimethyl- 90 1.319 0 100 0.132 90 0 100
Tridecane 91 5.202 0 100 0 100 0 100
Dodecane, 2,6,10-trimethyl- 90 1.441 11.013 +86.9° 0.288 80 11.013 +86.9°
Heptadecane 80 4.841 0 100 0 100 0 100
Octadecane 74 3.522 0 100 0 100 0 100
Heptadecane, 2,6,10,15-tetramethyl- 93 3.549 0 100 0.710 80 0 100
Octadecane, 2-methyl- 45 2.702 0 100 0 100 0 100
Heptacosane 81 2.659 2.659 0 2.659 0 1.867 29.8
Octacosane 55 2.036 2.576 +21¢ 1.629 20 2.576 +21°¢
Tetratetracontane 65 1.912 0 100 0 100 0 100
Octadecane, 3-ethyl-5-(2-ethyl butyl)- 85 1.346 0 100 0 90 0 100
Nonadecane 78 4.760 4.760 0 4.760 0 3.613 24.1
Hexadecane 65 5.708 5.708 0 5.708 0 3.699 35.2
Tetradecane 70 4.922 3.399 30.9 4.430 10 3.401 30.9
Pentadecane 80 6.147 0 100 0 100 0 100

“ Quantitative analysis of results of GC-MS for bioupgraded crude oil after 14 days as the optimum time. * Quantitative analysis of results of GC-MS
for nanobioupgraded crude oil after 11.86 days as the optimum time. © The content of upgraded oil was increased. ¢ NE (%) means control tests for
nano-upgraded crude oil after 11.86 days, the optimum time (same condition as nanobioupgrading).

RT-gPCR conducted by Tao et al. (2025) confirmed the
crucial role of P450 monooxygenase in hydrocarbon upgrad-
ing.* They showed that P450 monooxygenase, along with other
potential genes, AlkB-types, AlmA-type, and LadA-type, are likely
to have contributed to its high upgrading efficiency. Their
investigation confirmed that P450 monooxygenase was strongly
induced by C16 and C18, and weakly detected in the presence of
C20-C28. Hence, this gene has a predominant role in the
degradation of medium-chain alkanes (C16-C18). Aligned with
quantitative analyses based on GC-MS results, P450 mono-
oxygenase, which is typically associated with the oxidation of
short and medium-chain alkanes, has a crucial role in the
metabolism of hexadecane and octadecane.***® These results
match GC-MS findings closely, as shown in Table 6. As shown in
Table 6, the bioupgrading and NBUE of octadecane were 100%,
indicating that, at both states, G. stearothermophilus alone and
G. stearothermophilus and alumina nanoparticles together could
strongly upgrade octadecane. This achievement may align with

© 2026 The Author(s). Published by the Royal Society of Chemistry

the predominant enzyme identified in bioupgrading via RT-
qCPR:P450 monooxygenase.

Here, the same analysis may be predominant. As per Table 6,
the bioupgrading efficiency for hexadecane was zero, which
means that bacteria could not metabolize it, or even that octa-
decane could not have entered the bacterial cell. However, after
alumina absorption on the cell surface and improvement of cell
permeability, which may have led to the entry of hydrocarbons
into the cell, the NBUE of hexadecane was 35%, indicating that
the probable pathway may have operated to some extent.

The rows 6, 12, 16, 19, 21, 23, 24, 27, 28, 29, 31, 32, 33 and 34
in Table 3 are normal alkanes with a different number of carbon
atoms, which have been transformed based on GC-MS results.
As shown in Table 6, based on calculations, the content of some
components in the upgraded oil decreased, such as nonane and
decane, while the content of others increased during the
upgrading process, such as octacosane. The important note
here is that the high viscosity of heavy crude oil was not solely

RSC Adv, 2026, 16, 7022-7039 | 7033
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Fig. 10 GC-MS chromogram for (a) original oil, (b) bioupgrading, and (c) nanobioupgrading at optimum conditions.

due to heavy aromatic and asphaltene molecules; long-chain
saturates may also have an important role in the high
viscosity of heavy oils. This aligns exactly with the GC-MS results
in Table 6. The same behavior was observed for the
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biodegradation mechanism: anaerobic degradation of cyclo-
hexane and anaerobic degradation of saturated and aromatic
hydrocarbons. It is clear from rows 5 and 9 of Table 6 for cyclic
molecules that Cyclohexane, 1,1,3-trimethyl- and 1R,2¢,3 t,4t-

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 7 Quantitative analysis of crude oil during control tests at optimum conditions

Run Aromaticity index Aliphatic index Viscosity (cp)
Original oil at 25 °C 0.1678 0.7236 480
0Oil at 60 °C in shaker (without nano and bacteria) 0.1670 0.7233 470
Exposed oil just to bacteria 0.1586 0.7539 450
Exposed oil just to nano alumina 0.1767 0.7299 460

Tetramethyl-cyclohexane have been completely upgraded.
Regarding the above explanation, the transformation of
hydrocarbons through nanobioupgrading can be confirmed.
Further to the control GC-MS tests, which are shown in Table 6,
the results of control viscosity and FTIR spectroscopy, which are
shown in Table 7, confirmed the synergetic effect of simulta-
neous use of bacteria and nanoparticles.

The other control laboratory experiments were run under the
same experimental conditions, without any microorganism
solution, and the tests were run only in the presence of nano-
particles. The results are shown in Table 7. As per results, the
solo effect of bacteria and nanoparticles was not considerable,
and this proved the synergetic effect of simultaneous use of
bacteria and nanoparticles.

The adsorption of nano alumina to a bacterial cell surface
can disrupt the impermeable surface of the cell, making it more
permeable.** This process could have facilitated the entry of
hydrocarbons into the bacterial cell, and the bacteria used the
heavy molecules as the sole source of carbon in the medium. In
line with this analysis, nominated microorganisms may be
enriched in biofilms complexed to the Al,O; surface. The
increased abundance of their carbohydrate and energy metab-
olism genes confirmed that EPS in an electron-deficient state
accelerated the metabolism of external hydrocarbon substrates
and energy by microorganisms.** Vacancies in the Al,O; struc-
ture complexed with EPS led to the absence of electrons in the
biofilm, and a charge non-equilibrium state formed between
EPS and the microorganism. Hence, the microorganism accel-
erated the acquisition of external electrons to maintain
homeostasis.

This fact may intensify the permeability improvement of the
bacterial cell surface, leading to greater entry of heavy oil
molecules into the cell for metabolism by the bacteria. In fact,
many efficient G. stearothermophilus were found to be enriched
on the surface of Al,0;. This phenomenon enhanced the
intracellular metabolism of substrates and energy of PTS
transmembrane proteins, promoted photosynthetic hetero-
trophy, and increased the rate of microbial upgrading of heavy
oil molecules. The complexation of aluminum vacancies in the
Al,O; structure with EPS disrupted the electron balance of the
biofilm and accelerated the acquisition of exogenous electrons
by microorganisms without the addition of external energy.”
The probable biosorption of metal oxide nanoparticles may fall
within six main categories: ion exchange, complexation,
precipitation, physical adsorption, reduction, and chelation.® It
seems alumina nanoparticles could have been absorbed by the
bacterial cell through a combination of two or more of the

© 2026 The Author(s). Published by the Royal Society of Chemistry

abovementioned mechanisms. Biosorption is a process in
which biological materials concentrate organic or inorganic
species dissolved in aqueous solutions (e.g., metals). This
process uses passive physicochemical mechanisms based on
the affinity between biomass cells (adsorbent) and metal ions
(adsorbate) to be removed and the difference in concentration
between the liquid phase and solid phase. Alumina absorption
on the G. stearothermophilus surface may be strengthened by the
presence of compounds on the bacterial cell surface, such as
carboxyl, amino, and sulfonate groups. The negative surface
charge of Gram-positive bacteria such as G. stearothermophilus
is primarily due to compounds such as carboxyl, amino, and
sulfonate groups. A schematic of ion interaction between
alumina and the G. stearothermophilus cell surface is shown in
Fig. 11.

This research achievement aligns with the pre-run SARA test
in the pre-test, using only G. stearothermophilus without nano-
particles, as shown in Table 5. During pre-tests evaluating the

Fig. 11 lon—dipole interaction between alumina nanoparticles and (a)
carboxyl, (b) amino, and (c) sulfonate functional groups on the
bacterial cell surface.
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Table 8 SARA test results for the original oil and bioupgraded oil

Saturate Aromatic Asphaltene

Item Compound (%) (%) Resin (%) (%)

1 Original crude oil  47.9 28.10 14.9 9.10

2 Upgraded oil 69.10 12.90 13.80 4.20

3 Change percent % 44.26 54.09 7.38 53.85
function of G. stearothermophilus in upgrading before

approaching the combined effect of bacteria and nanoparticles,
a supplementary SARA test was conducted for the optimum
upgraded oil after upgrading the oil by just G. stear-
othermophilus (at the optimum upgrading time of 14 days) to

Table 9 Comparison between previous studies and current research

View Article Online

Paper

facilitate a comparison between the original oil and upgraded
oil. As shown in Table 8, an acceptable trend of upgrading was
observed, indicating the function of the nominated bacteria.
This achievement would be necessary to run the full set of SARA
tests for nanobioupgrading samples in the future phase of the
research.

As shown in Table 8, a sole bacterium could have increased
the saturate contents and decreased the aromatic contents,
which, combined with the nanobioupgrading test results, may
confirm that the simultaneous effect of bacteria and nano-
particles could promote the upgrading of heavy oil.

The ability of G. stearothermophilus to tolerate high temper-
atures is mainly related to its enzyme production.***> Wang
et al. showed that various heat-shock proteins, including Dnak,

Differences with current research

Research scope Results

Research novelty versus the previous
researches Ref.

- Alcanivorax, Marinobacter,
Thallassolituus, Cycloclasticus and
Oleispira bacteria as
hydrocarbonoclastic bacteria

- No quantitative analysis

constituents

- Genome sequencing

- Ambient temperature
- No nano structures
and biocatalysis
- Focus on pollutant removal
(only environmental concerns)
- Using native microbial consortia
(not a specific microorganism)
- No nanostructures
- Tests at 30 °C
alkanes
- Focus on pollutant removal
(only environmental concerns)
- Using Pseudomonas
40.6%

- Rapid degradation of many oil

- Potential of oil pollution mitigation
- Potential of biopolymer production

- Saturates increased by 6% to 92%

- Resins decreased by 10% to 70%
- Increase in the cyclic and branched

- Maximum desulfurization rate of

- Using Geobacillus stearothermophilus
combined with nano alumina

- Fully quantitative analysis of bioconversion

of crude oil fractions

- Tests at 60 °C

- Focus on upgrading 3
(not only environmental concerns)

- Using Geobacillus stearothermophilus

combined with nano alumina

- Tests at 60 °C

- Focus on upgrading 5
(not only environmental concerns)

- Decrease in the S & N compounds

- Using Geobacillus stearothermophilus
combined with nano alumina

- Just desulfurization
- Tests at 30 °C

- Using Geobacillus stearothermophilus

- Focus on the produced bioemulsion,
not the direct role of bacteria

- No qualitative and quantitative
analysis for crude oil bioconversoin

- Run the tests just in a short
upgrading time

- Catalytic aquathermolysis
upgrading while steam injection
(not eco-friendly)

- Using copper/zinc/graphene oxide
catalysts not microorganism

- Run the tests at extra high

temp 320 °C

7036 | RSC Adv, 2026, 16, 7022-7039

- Cleavage of S-S bonds

- 5 S-compounds were completely
removed

- Degradation of crude oil

- Improved displacement efficiency

- Creating a favourable wettability

- Improved mobility ratio

- —29.26% reduction in sulphur

- —21.27% decrease in resin
- —37.60% decrease in asphaltene
- —46.92% increase in saturates

- —66.48% reduction in oil viscosity
- —25.49% increase in API gravity

© 2026 The Author(s). Published by the Royal Society of Chemistry

- Tests at 60 °C

- Using Geobacillus stearothermophilus
combined with nano alumina
- Focus on the direct role of bacteria

- Full analysis of bioconversion of crude oil
fractions with a focus on aromatics and
aliphatics

- Run the tests at a wide range of variables,
upgrading time

- Using Geobacillus stearothermophilus
combined with nano alumina

- Tests at 60 °C
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Mean (mV) Area (%) St Dev (mV)
Zeta Potential (mV): 1.55 Peak 1: 1.55 100.0 5.81
Zeta Deviation (mV): 5.81 Peak 2: 0.00 0.0 0.00
Conductivity (mS/cm): 0.0857 Peak 3: 0.00 0.0 0.00
Zeta Potential Distribution
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Fig. 12 The zeta potential confirmed the positive charge of nano alumina particles.

DnaJ, GrpE, GroEL, GroES, HSP33, and HSP20, may be
responsible for such heat tolerance under harsh conditions.**
However, environmental concerns regarding the use of Al,O;
nanoparticles may require greater attention to minimize envi-
ronmental impacts during application through reservoirs.***®
Due to the antibacterial effect of alumina nanoparticles, some
harsh environmental impacts, such as retarding plant growth
and increasing the mortality rate of organisms that depend
upon it, should be considered, depending on exposure time and
dose. However, although based on previous studies, the bi-
oaccumulation and toxicity of nanoparticles increase with
decreasing particle size, but the toxicity level is not alarming.
Anyway, unprotected exposure to alumina nanoparticles should
be avoided.*®

Finally, a quick comparison was run to depict the differences
between previous studies and current research. The results are
shown in Table 9. Furthermore, to confirm the purity and
distribution of the constituents in the nanobacterial solution,
an EDAX test was performed.

Zeta potential

As shown in Fig. 12, the zeta-potential results indicated a posi-
tive surface charge on alumina nanoparticles, consistent with
the analysis shown in Fig. 11.

We wished to ascertain the nanobioupgrading mechanism
in more detail. Based on the FESEM data in Fig. 4, 5, 6 and 7,

© 2026 The Author(s). Published by the Royal Society of Chemistry

dispersed alumina nanoparticles could have decorated the
bacterial cell and adhered to the cell. This hypothesis was
confirmed by the zeta-potential results, which revealed the
positive charge of nano alumina, as shown in Fig. 12. Nano
alumina could absorb heavy oil molecules and guide them into
the bacterial cell.

G. stearothermophilus was intended to consume heavy oil
molecules due to their inherent need for essential elements (C,
O, S etc.), but such decoration by nano alumina could have
intensified the metabolism.

Such interpretation aligns with the GC-MS results shown in
Table 6, in which single bioupgrading could not have upgraded
some fractions, such as heptacosane, nonadecane, and hexa-
decane. For undecane, upgrading efficiency was improved in
the presence of nano alumina.

Conclusions

The present study highlights the nanobioupgrading potential of
combining G. stearothermophilus and alumina nanoparticles for
the enhancement of heavy crude oil. This bacterial strain was
chosen due to its considerable ability to metabolize crude oil
compounds and its remarkable resilience in extreme tempera-
tures in oil reservoirs. Alumina was chosen due to its nonpoi-
sonous nature for bacteria and its capabilities in
nanobiodesulfurization based on the literature. Upgrading

RSC Adv, 2026, 16, 7022-7039 | 7037


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra07786a

Open Access Article. Published on 04 February 2026. Downloaded on 3/10/2026 5:30:21 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

time, nanoparticle concentration, and the initial oil volume
were considered the three independent variables at a fixed
temperature of 60 °C. Aromatic/aliphatic content and oil
viscosity were monitored as two independent responses in the
experimental design using the bCCD method.

Outcomes were comprehensively analyzed using FTIR spec-
troscopy and GC-MS. Furthermore, for a thorough evaluation of
our findings, we considered the mass percentage and calculated
the NBUE based on GC-MS results across diverse samples. In
addition, to quantitatively assess the results obtained from FTIR
spectroscopy, we determined key indices for aliphatic and
aromatic compounds during upgrading. The findings revealed
that G. stearothermophilus could achieve 100% NBUE for
upgrading aromatics and certain long-chain aliphatics over
11.86 days, which was identified as an optimal time period.

In terms of designed parameters at optimum conditions
(11.86 days, 26% v/v initial oil, and 0.46% W nanoparticles),
FTIR spectroscopy indicated a considerable reduction in the
aromatic/aliphatic index from 0.29613 to 0.07677 and
a decrease in oil viscosity from 480 cp to a maximum at 144 cp.
GC-MS results showed a remarkable 100% decrease in certain
contents. Also, asphaltene content was sharply reduced by 66%,
resulting in a 14% improvement in decreased bacterial use.

These results hold substantial environmental importance
due to the adverse effects associated with aromatics and the
heavy constituents present in heavy crude oils. Also, reusing
bacteria after separating them from upgraded oil samples was
an important achievement in demonstrating the durability of
their upgrading capacity. A notable advantage of using such
bacteria is their natural occurrence in oil reservoir fluids. As
a result, they are inherently adaptable to the conditions preva-
lent within oil reservoirs. Given their probable presence in oil
reservoirs, there is no need for external colony injection.
Notwithstanding, conducting field pilot tests to validate and
optimize the proposed methodology is advisable. This step will
ensure the practical viability and refine the implementation of
this method. These findings highlight the synergistic efficacy of
G. stearothermophilus and Al,O3; nanoparticles in upgrading
heavy crude oil, offering a promising strategy for addressing
energy demands. The results shed light on the simultaneous
use of nanostructures and bacteria in heavy oil upgrading. At
the field scale, growing bacteria in an isolated medium and
making a nanobiological catalyst by nanostructures may have
their own limitations and consequences. Future works may pay
attention to the in-situ preparation of nanobiocatalysts in
reservoir media by evaluating the wide range of nanostructures
by focusing on local reservoir microorganisms. Finally, the
potential application of such nanobioupgrading may be cate-
gorized as shown below.

e Improvement in exploitation and transportation

Such nanobiotechnology, by emphasizing the reduction in
oil viscosity, may ease heavy oil exploitation through the well,
transportation, and pumping through surface facilities to
production units and refineries.

e Enhancement of oil recovery

The process may enhance oil recovery by decreasing oil
viscosity and, consequently, improving oil mobility.

7038 | RSC Adv, 2026, 16, 7022-7039
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e Ease of refinery process

Due to improvements in heavy oil quality by reducing
pollutant content, the refinery process may be simplified and
streamlined. This research may shed light on the idea of
subsurface refinery to improve the quality of oils at the
subsurface.

e Environmental impacts

Due to the reduction and removal of pollutant content,
environmental concerns are addressed, and the approach to
a less-pollutant fuel becomes more accessible. Furthermore,
such a method may be applied to remove soil and sea oil
pollution.
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