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seudomonas aeruginosa mediated
silver nanoparticles for remediation of crude oil
contaminated water
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This study was aimed at biosynthesizing silver nanoparticle (AgNP) for remediation of total petroleum

hydrocarbon (TPH) from crude oil-contaminated water samples from Nigeria's Niger-Delta ecosystem.

The physicochemical and bacteriological analyses of the water samples were ascertained by standard

techniques. Screening for hydrocarbon utilization was done for all isolates and the highest degrader was

selected for biosynthesis of AgNP and characterized. TPH were adsorbed using the AgNP. The TPH

response was designed and optimized using response surface methodology (RSM). The TPH in some of

the water samples were above permissible limits in surface water given by Department of Petroleum

Resources (DPR) and ranged from 6.55 ± 0.91 to 2324.36 ± 4.23 mg L−1. The Total hydrocarbon utilizing

bacterial counts ranged from 0.33 ± 0.01 × 103 cfu mL−1 to 13.67 ± 1.20 × 103 cfu mL−1. The isolate

that recorded highest hydrocarbon degradation of 97.80% was identified as Pseudomonas aeruginosa

strain AgA (PAE). The AgNP showed a peak at 425 nm, spherical, particle size distribution of 34.60 ±

13.04 nm, and a significant signal in the silver region, crystalline structure with an average mean

crystallite size of 18.01504 ± 4.03 nm. The coefficient of determination (R2) had a value of 0.9190, the

RSM for design and optimization demonstrated a satisfactory match for the 2FI regression model for the

AgNP. At optimal contact time (22.5 min/100 mL), stirring speed (1620 rpm/100 mL), dosage (0.3206 g)

and temperature (67.5 °C), the maximum expected TPH removal for PAE was 99.98%, demonstrating that

the bacterial was helpful in synthesizing AgNPs to improve effective removal of pollutants from water.
1 Introduction

Concern among the public is rising as a variety of dangerous
substances are being unintentionally or intentionally di-
scharged into the environment.1,2 Among these substances are
petroleum hydrocarbons, which are continuously discharged in
signicant quantities into the Niger Delta aquatic environment,
which is the backbone of the Nigerian economy through several
routes such as pipeline failures, natural seepages and
discharges during tank or ship transportation.3,4 Oil spills have
become more frequent due to as a result of hydrocarbons
building up over time in delicate natural environments due to
increased exploration and inadequate environmental manage-
ment techniques.5–8 These spills can cause several illnesses,
such as kidney disease, potential bone marrow destruction and
an elevated risk of cancer, because they include harmful
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carcinogenic and mutagenic substances.9 Furthermore, oil
spills have a detrimental effect on the ecosystem, agricultural
output, water bodies, bird productivity and the spread of the
microbial community across the environment.1,10 Nitric oxide
(NO) released from oil spills contributes to atmospheric pollu-
tion through oxidation of nitrogen-containing hydrocarbons
and oxidative stress in marine environments.11,12 The severe
repercussions of environmental oil pollution therefore neces-
sitate the use of effective cleanup strategies.13

The physical and chemical approaches used in conventional
crude oil remediation are expensive and have the potential to
release secondary pollutants into water bodies.8,14 Bacteria and
other microbes survive and eventually thrive in this environment,
utilizing the hydrocarbons in petroleum products as a source of
energy and carbon. The biodegradation of hydrocarbons by
a naturally-occurring population of microorganisms is one of the
primary techniques for eliminating petroleum contamination
from the environment.3 Bioremediation uses a variety of micro-
organisms, especially naturally-occurring bacteria.15 Even in the
face of extreme environmental circumstances, such as those
brought on by pollution from crude oil, some bacteria can live.
They accomplish this by using a range of adaptation techniques,
© 2026 The Author(s). Published by the Royal Society of Chemistry
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such as metabolic pathway modications and spore production
permeability.10 Therefore, it is possible to argue that biological
techniques to remediation are benecial, but they are also
directly impacted by variables like the time, oil content, nutrients
and the availability of suitable microbes.16

Nanoparticles (NPs) are a collection of zero-dimensional
atoms in different shapes that are separated into two primary
groups: organic and inorganic.17 The physical and chemical
characteristics of metal nanoparticles such as silver nano-
particles (AgNPs) differ greatly from those of traditional bulk
metal since they are inorganic nanoparticles. Because of their
special qualities, including high conductivity, size, form,
chemical stability, crystallinity and superior adsorptive quali-
ties, researchers now employ AgNPs more than any other inor-
ganic nanoparticles.18 The synthesis of nanoparticles can be
done in a variety of ways, such as chemical, biological and
physical.19 Environmental issues arise from the use of
hazardous and combustible chemicals as stabilizing and reg-
enerating agents in the synthesis of nanoparticles by chemical
processes.17 However, one drawback of physical approaches is
that they take a lot of energy to sustain the temperature and
pressure needed for reaction stages.18 As a result, biological
synthesis using living bacteria, fungi and plant cells is thought
to be the most environmentally-friendly process and a potential
substitute for physical or chemical manufacturing,20 because it
is inexpensive, environmentally friendly, and uses less toxic
chemicals.21,22 Furthermore, because biological media contain
both reducing and stabilizing agents, biological approaches can
synthesize NPs in a single step, as opposed to the two-step
process employed by physicochemical methods (for NP reduc-
tion and stabilization).17 Previous studies indicated the poten-
tial for Pseudomonas aeruginosa in hydrocarbon remediation
through biodegradation and the production of biosurfactants.
For instance, Muthukumar et al.23 and Rehman et al.24 reported
72% crude oil removal under aerobic conditions using novel P.
aeruginosa strains and 65–70% degradation in biosurfactant-
enhanced systems, respectively. Ahmadi et al.25 discussed soil
remediation with pyrene, emphasizing assisted desorption by
biosurfactants. However, none of these studies have elaborated
on the use of biologically synthesized silver nanoparticles
together with P. aeruginosa for the remediation of aqueous
hydrocarbons. Presently, this study reports the biosynthesis of
AgNPs using P. aeruginosa, their physicochemical properties,
and demonstrates enhanced crude oil removal in water under
mild conditions. Thus, it is considered a synergistic approach to
microbial degradation, combined with nanoparticle-assisted
remediation, which represents a distinct stride from conven-
tional biodegradation methods.

However, biosynthesized AgNPs can still exert biotoxicity,
including oxidative stress and growth inhibition in aquatic
organisms and reduced enzymatic activity in soil microbes.26,27

Their environmental fate involves aggregation, surface trans-
formation, and gradual dissolution, inuencing mobility and
persistence. To mitigate ecological risks in remediation, strat-
egies include optimizing dosage, immobilizing AgNPs on
supports and incorporating capping agents to reduce ion
release. This study involved the identication and screening of
© 2026 The Author(s). Published by the Royal Society of Chemistry
bacteria from water samples contaminated by crude oil from
communities in the Jones Creek Oil Field, Niger Delta region of
Nigeria. The highest degrader was utilized in the biosynthesis of
AgNPs, which were then characterized and employed to reme-
diate crude oil contamination in the freshwater environment of
the Niger Delta using a response surface methodology (RSM).
The ndings of this study open a new and uncharted eld of
nanomaterials for the Niger Delta environmental remediation
since they will have a big inuence on the creation of better
biosynthesized AgNPs products for the nanotechnology and
biotechnological sectors.
2 Materials and methods
2.1 Study area and description

The Jones Creek Oil Field communities of Akpata Egbemu and
Okerenkoko, which are situated in Warri South West Local
Government, Delta State, Nigeria, between latitudes 7° 450 N
and 7° 500 N and longitudes 4° 150 E and 4° 500 E, served as the
research sample site (Fig. 1). Multinational rms control several
oil and gas facilities in the Jones Creek that have been in
operation for more than 50 years. It is an oil-contaminated
water body location that is a component of the Niger Delta's
western ecology.4
2.2 Collection and processing of samples

Crude oil-contaminated water samples were aseptically
collected from four (4) separate locations, two from each
community, spaced y meters apart along the river's course.
Samples collected from each community were combined to get
a composite sample for that community. Water samples were
also collected along the Escravos River, which served as
control and had no prior history of oil pollution. Four (4) Liter
glass bottles that had been sterilized with 70% alcohol 24
hours before the nal collection were used to collect water
samples for bacteriological examination. Prior to the last
collection, the bottles were rinsed three (3) times using water
samples. In order to determine the dissolved oxygen (DO), two
more sets of water samples were taken using 60 mL
Winchester glass stoppered vials. In the eld, 0.5 mL of Win-
kler I and II reagents were applied to one set of DO samples as
soon as they were collected. In order to determine the bio-
logical oxygen demand (BOD5), the other set was xed
following ve days of incubation at 20 °C.28 Water samples for
additional physicochemical characteristics were collected in
separate 4 L sterile plastic and glass bottles. The bottles were
labeled accordingly. The samples were transported in a cool
box (4 ± 1 °C) to the Microbiology laboratory of the Federal
University of Technology, Minna, Nigeria for physicochemical
and bacteriological analyses using standard procedures out-
lined in the American Public Health Association29 and for
screening of bacteria for hydrocarbon utilizing ability.30,31 The
crude oil used was the bonny light crude (BLC), which was
obtained from the Nigerian Petroleum Development Company
(NPDC) in Benin City, Edo State, Nigeria.
RSC Adv., 2026, 16, 1212–1239 | 1213
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Fig. 1 The study area (The Jones Creek) Warri South West LGA, Delta State, Nigeria.
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2.3 Methods

2.3.1 Determination of physicochemical parameters of the
water samples. The physicochemical parameters of the water
sample were determined using standardmethods (APHA, 2017).
The parameters that were examined included: pH, nitrates,
phosphates, sulphates, potassium, turbidity, electrical
conductivity (EC), dissolved Oxygen (DO), biological oxygen
demand (BOD5), chemical oxygen demand (COD), total hard-
ness, total dissolved solids (TDS) and chlorides.29

2.3.2 Determination of total petroleum hydrocarbons
(TPHs). Gas chromatography/mass spectroscopy (GC/MS) was
utilized to measure the total petroleum hydrocarbon (TPH)
present in the composite sample both before and aer treat-
ment, and conventional solvent extraction (gravimetric) method
was applied to extract the TPH from the water sample.29

2.3.3 Solvent extraction (gravimetric analysis) of total
petroleum hydrocarbons. The amount of petroleum hydro-
carbon in the water samples was measured using a partition
gravimetric approach.32 Hexane was used as the extracting
solvent in the liquid–liquid extraction process that was used to
accomplish this. Twenty milliliters (20 mL) of the organic
solvent (hexane) and 20 mL of the water sample were measured
and agitated before being placed into a separating funnel and
shaken for 5 min. Aer mounting the separating funnel on the
1214 | RSC Adv., 2026, 16, 1212–1239
retort stand, it was given 15 min to settle. The hexane compo-
nent at the top layer, which included the petroleum hydrocar-
bons, was followed by the bottom layer, which contained the
aqueous solution, to create two immiscible liquid layers. The
organic phase (hexane) was collected in a pre-weighed tube
(conical ask/lm container) aer passing through anhydrous
sodium sulphate to remove the moisture while the aqueous
layer was collected in a beaker using the separating funnel's
tap.33 Three aliquots of hexane were used to extract the hydro-
carbons one at a time. In a fume cabinet, the solvent extracts
were gathered and dried by evaporation at room temperature
(20 °C). Following solvent evaporation, the sample was sub-
jected to gas chromatography analysis34 and the total petroleum
hydrocarbon was measured.32 Following treatment, the
biodegradation efficiency of the nanoparticles was determined
using the measured TPH as the control.

2.3.4 Gas chromatography/mass spectrometry (GC/MS)
analysis. An Agilent model 6890 with a mass spectrometer
detector was used for the analysis. The GC column was DB-5, 30
m, 0.25 capillary size. The initial column temperature was 80 °C
with a holding time of 3 min. The temperature was pro-
grammed to increase by 5 °C per minute with a nal tempera-
ture of 280 °C. Using helium as the carrier gas, 1 mL of the
sample was injected into the port, vapourized instantly and
then transported down the column in a standard procedure.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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The components were identied following the separation in the
column.35

2.3.5 Enumeration of total heterotrophic bacteria. Freshly-
prepared nutrient agar (allowed to cool to 45 °C) was added
aseptically into Petri dish and 1 mL of crude oil-contaminated
water sample that has been serially-diluted was spread onto
the Petri dish. The sample was spread evenly over the surface of
the agar (using sterile glass spreader) carefully, rotating the
Petri dish underneath at the same time.29 The plates were
incubated at 35 °C for 24 hours, aer which they were examined
for growth and colonies were counted and recorded as colony
forming units per millilitre (cfu mL−1) of the water sample. Pure
cultures of bacteria were obtained. Discrete bacterial colonies,
which developed on the plates, were maintained on agar slants
for further characterization and identication.

2.3.6 Enumeration of hydrocarbon-utilizing bacteria.
Serially-diluted crude oil-contaminated water samples were
plated on mineral salt media (MSM) in triplicates, using the
spread plate technique. The composition of the medium (g L−1)
was NaCl, 2.0 g, MgSO4$7H20, 0.1 g, K2HPO4, 0.3 g, KH2PO4

0.2 g, NaNO3, 0.1 g, agar–agar, 4.0 g, distilled water, 200mL, and
the pH was adjusted to 7.2. A lter paper saturated with sterile
crude oil was aseptically placed on the inside of the inverted
Petri dishes and the culture plates were incubated at 35 °C for 7
days.36 Plates yielding 30 to 300 colonies were enumerated.
Colonies of different hydrocarbon-utilizing bacteria were picked
randomly using a sterile inoculating wire loop and puried by
repeated sub-culturing on nutrient agar. Isolates exhibiting
pronounced growth on MSM were stored in stock media with
glycerol at −20 °C for further characterization.37

2.3.7 Characterization and identication of bacterial
isolates. The bacterial isolates were characterized and identied
by molecular identication, biochemical tests, colonial
morphology and Gram's staining.

2.3.7.1 Screening of bacterial isolates for potential to utilize
crude oil. The broth dilution method and plate diffusion
method were used to screen the bacterial isolates for their
ability to utilize crude oil and for their possible application in
the synthesis of silver nanoparticles.31 The gravimetric method
was used to screen the bacterial isolates for hydrocarbon
degradation.15

2.3.7.2 Broth dilution method. The bacteria isolates were
grown on mineral salt medium (MSM) supplemented with 1%
crude oil (oil broth) to screen their ability to degrade crude oil.
Here, mineral salt medium supplemented with 1% crude oil
was prepared with these compositions (g L−1): Na2HPO4 2.0,
KH2PO4 2.0, MgSO4$7H2O 0.01, NaNO3 2.5, NaCl 0.8, CaCl2, 0.2,
KCl, 0.8, FeSO4$7H2O, 0.001, using crude oil (1%) as carbon
source and 1 mL of a trace element solution. The trace element
solution contained (mg L−1): ZnSO4$7H2O, 525; MnSO4$4H2O,
200; CuSO4$5H2O 705; NaMnO4$2H2O, 15; CoCl2$6H2O, 200;
H3BO3, 15; NiSO4$6H2O, 27.31 The MSM was lter-sterilized,
then 100 mL of the media was dispensed into 250 mL asks.
One milliliter (1 mL) of the 106 cfu mL−1 of cells of the corre-
sponding standardized isolates' inoculum was added to the
medium and incubated in an incubator shaker at 35 °C for 28
days. Bacterial growth was shown by the turbidity of the culture.
© 2026 The Author(s). Published by the Royal Society of Chemistry
This was measured with a spectrophotometer at 550 nm. The
selection of bacteria capable of breaking down crude oil was
based on their superior capacity to proliferate when crude oil
was used as the only carbon and energy source in the growth
media. Growth was seen as a sign of the capacity to degrade
hydrocarbons.38 The bacterial isolates were further plated on
MSM using plate diffusion method.

2.3.7.3 Plate diffusion method. Bacterial isolates were also
screened for crude oil-utilizing ability using the plate diffusion
method.30 Positive results from the broth dilution method were
serially diluted and further sub-cultured using spread platemethod
onto the surface of freshly-prepared mineral salt medium (with
1.0% crude oil as carbon and energy source and supplemented
with agar agar). The plates were incubated at 35 °C for 7 days.
Discrete colonies that developedwere counted and transferred onto
nutrient agar plates and incubated at 35 °C for 24 hours, aer
which they were stored in the refrigerator for further use.

2.3.7.4 Secondary screening of bacterial isolates by gravimetric
method. The nine bacteria that were isolated from water
samples contaminated with crude oil were each incubated at
37 °C for 24 hours in nutrient broth. Fiy milliliters (50 mL) of
the mineral salt medium (oil broth) supplemented with 1%
crude oil was poured into conical asks, which were then
autoclaved for 15 min at 121 °C to sterilize them, and then
allowed to cool. Each MSM medium was then inoculated with
1 mL of the corresponding standardized isolates and the
mixture was incubated at 35 °C in an incubator shaker at
150 rpm for 30 days (Remi RS-12R, India). The uninoculated
ask (control), was likewise incubated. Samples were drawn
every 10 days to determine the residual concentrations of each
oil. The content was subsequently transferred to a separating
funnel and extracted twice using di-ethyl ether (cold extraction).
The solvent (di-ethyl ether) was allowed to evaporate and the
amount of each remaining oil was measured gravimetrically.15

The percentage of residual oil (hydrocarbon degradation
percentage) was determined using eqn (1):39

Percentage biodegradation ¼
�
Ci � Cf

Ci

�
� 100 (1)

where Ci = initial concentration of the crude oil (mg L−1); Cf =

nal concentration of the crude oil (mg L−1).
2.3.7.5 Molecular identication of test organism. At the

molecular level, three bacterial isolates that exhibited signi-
cantly high growth, more colonies, and the highest percentage
of degradation were identied; the isolate with the highest
potential for degradation was, however, chosen for the
synthesis of silver nanoparticles and for further research.
Molecular identication of the isolate was carried out via
amplication of the 16S ribosomal DNA (16S rDNA) fragment
followed by direct sequencing.40 Genomic DNA was extracted
using the protocol stated by Trindade et al.41 The 16S rDNA
fragment was amplied by polymerase chain reaction (PCR)
using 27F (AGAGTTTGA TCMTGGCTCAG30) and 1525R
(50AAGGAGGTGATCCAGCC30) primers.42 Amplication prod-
ucts were sequenced. Forward and reverse sequences were
processed and manually edited using Bioedit Sequence Align-
ment Editor Soware 7.0. Contigs was constructed using
RSC Adv., 2026, 16, 1212–1239 | 1215
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Bioedit and was subjected to Basic Local Alignment Search Tool
(BLAST) search via NCBI42 to determine the most likely identity
and designation of taxonomic units based on similarities. DNA
alignments were done using MAFFT online soware43 and
Gblocks program44 to cure the poorly aligned regions, and to
further select the conserved areas of the multiple sequence
alignment.
2.4 Extracellular synthesis of silver nanoparticles using
hydrocarbon-utilizing bacterium

The bacterial strain was utilized in the synthesis of the AgNP
following the procedure of Saleh and Alwan20 with just slight
modications, especially to the temperature and experiment
time. Aer being inoculated into sterile nutrient broth, the
bacterial strain was incubated at 37 °C for 24 hours. The broth's
culture supernatant was extracted by centrifuging it at 8000 rpm
for 10 min. Next, 0.034 g of silver nitrate (AgNO3) (Sigma Aldrich
Chemicals, Germany) was dissolved in 100 mL of distilled water
to produce 2 mM AgNO3. Then, in a 500 mL Erlenmeyer ask,
100 mL culture supernatant was added to 100 mL of an aqueous
solution containing 2 mM AgNO3. The reaction mixtures were
incubated at 37 °C and 150 rpm in an orbital shaker for 30 min
in a bright environment. Additionally, two asks were made to
act as controls. Only the supernatant of the bacterial strain
under study was present in the rst ask while the AgNO3

solution was in the second ask. Both were incubated under
similar conditions. In addition to other characterization tech-
niques, the reduction of silver nitrate to silver and the forma-
tion of AgNP was visually veried by a colour shi from light
yellow to dark-brown. This was further conrmed using a UV-
visible spectrophotometer (Shimadzu UV-1800, Germany).20
2.5 Characterization of the bacterial silver nanoparticle

UV-visible spectroscopy was used to analyze the optical properties
of the produced silver nanoparticle and a Malvern nano-zetasizer
(nano-zetasizer 3000, UK) was used to measure the particle size
distributions of the AgNPs. Using an X-ray diffractometer (D8,
Bruker, Germany), the chemical structure and crystalline phase
of the AgNP was identied. The morphology and elemental
composition of the AgNP was then ascertained by subjecting it to
a combination of energy dispersive spectroscopy (EDS) and High-
resolution Transmission Electron Microscope (HRTEM)/Selected
Area Electron Diffraction (SAED) analysis.45

2.5.1 UV-visible spectra analysis. The UV-visible spectro-
photometer 1800 (Shimadzu, Japan) was used to record the
AgNP's absorption at a resolution of 1 nm in the 200–800 nm
wavelength range.20,46 Following synthesis and reaction
completion, the solution was centrifuged at 5000 rpm for
10 min.47 The pellets obtained at the bottom of the tubes con-
taining AgNPs were gathered and the clear solution was thrown
away. To get crystals, the solution was calcined at 400 °C for 3
hours aer being dried in a glass Petri dish in a hot air oven set
to 80 °C for 24 hours. The calcined samples were collected and
kept in an airtight bottle and characterized using additional
analytical methods.
1216 | RSC Adv., 2026, 16, 1212–1239
2.5.2 Particle size distribution. Using the Malvern nano-
zetasizer 3000 (Malvern instrument, UK), the particle size
distribution of the produced AgNP based on the Dynamic Light
Scattering (DLS) principle was ascertained. In this instance,
10 mL of distilled water was used as the dispersing medium to
dilute 0.5 mg of the samples. Glass cuvettes were used to eval-
uate the sample under 450 nm laser light beams. For the
sample, measurements were made three times, and the average
of the three runs was calculated and noted.48

2.5.3 High resolution transmission electron microscopy
with energy dispersive spectroscopy. The synthesized AgNP's
morphology (crystal structure) and shape were ascertained using
High Resolution Transmission Electron Microscopy (HRTEM)
(Zeiss Auriga Japan). Here, 10 mL of ethanol was used to dissolve
0.02 g of the sample, and ultrasonication was carried out for
5 min. A drop of the sample was placed on the Holey carbon
copper grid using a micro-pipette, allowed to dry air at room
temperature, and then subjected to photo-light for 3 min to
evaporate (dry) the sample. The excess solution was then scraped
off with a blotting paper.47 The grids were put onto a sample
holder for HRTEM examination once they had dried. At a 200 kV
accelerating voltage, HRTEM images were captured. An energy-
dispersive spectroscopy (EDS) device was installed in the Trans-
mission Electron Microscope to determine the elemental
composition of the produced AgNPs. This was done using the
standard EDS methodology (Braker, Netherlands). For EDS, a 20
kV electron high tension was used to operate the microscope. A
150° lighting angle was set. Furthermore, the nanoparticle's
selected area electron diffraction patterns (SAED) were obtained.49

2.5.4 X-ray diffraction analysis. An X-ray diffractometer (D8
Bruker AXS Advance) was used to measure the crystal size and
crystalline nature of the biosynthesized AgNP.50 To study the
nely crystallized silver nanoparticles, the dried samples were
packed into a at aluminum sample holder. Cu Ka radiation
was used as the X-ray source, which was a rotating anode
operating at 30 kV and 30 mA. With a recorded range of 2q and
an angular range of 20 to 90°, the diffraction patterns (peaks)
were acquired at a scanning speed of 0.5°/second.46,51 By
comparing the samples' observed patterns with the Joint
Committee on Powder Diffraction Standards' (JCPDS) standard
powder patterns, the crystallinity of the samples was ascer-
tained. The average crystalline sizes of the AgNP produced by
the bacterial strain were determined using Debye Scherrer's
equation52 as shown in eqn (2):

D ¼ Kl

b cos q
(2)

where D is the crystal size, l is the X-ray radiation wavelength of
CuKa (=0.15406 nm), K = 0.89, and b is the full width at half
maximum (FWHM) in radians, cos q = Bragg diffraction angle.
2.6 Adsorption experiment using RSM for TPH
nanobioremediation

Two liters (2 L) of the sample taken from each community were
combined to get a composite sample for TPH removal using
AgNPs synthesized from Pseudomonas aeruginosa strain AgA
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Three levels of independent variables

Variables

Levels

Low (−1) Middle (0) High (+1)

A: Contact time 22.5 35 47.5
B: Stirring speed 875 1250 1625
C: Dosage 0.1625 0.275 0.3875
D: Temperature 42.5 55 67.5
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(PAE). A range of 250 mL Erlenmeyer asks bearing the
numbers 1 through 27 were used to dispense 100 mL of the
water samples. Using PAE at various nanoadsorbent doses
(0.1625–0.3875 g L−1), stirring speeds (875–1625 rpm), temper-
atures (42.5–67.5 °C) and contact times (22.5–47.5 min), nano-
bioremediation studies on TPH removal were carried out.
Design Expert Soware (version 13, Statease, Minneapolis, USA)
in conjunction with Box-Behnken Design (BBD) and Response
Surface Methodology (RSM) was used to conduct the nano-
bioremediation experimental design. The study used a BBD
with three levels for each independent variable at three center
point replicates. With the coded values −1 (minimum),
0 (center point) and +1 (maximal), the independent variables
were temperature (°C), adsorbent dosage (g), stirring speed
(rpm), and contact duration (mins) (Table 1). To determine the
best possible combination, twenty-seven (27) separate runs of
the tests were conducted for the removal of TPH. Throughout
the experiment, the samples were constantly swirled in a water
bath with temperature control. At regular intervals, samples
were drawn for examinations. Following a 10 min centrifuga-
tion at 1000 rpm to separate the adsorbent and adsorbate
solution, the ltrate was examined. Gas chromatography-mass
spectrometry (GC-MS) was used to examine changes in the
chemical composition of the water samples aer residual crude
Table 2 Physicochemical parameters of crude oil-polluted water samp

Parameters

Water samples

A B

pH 6.83 � 0.01b 6.63 � 0.01a

Turbidity (NTU) 0.09 � 0.02b 0.11 � 0.00b

EC (mS/cm) 11650.00 � 50.37a 13000.00 � 10.65b

Total hardness (mg L−1) 972.00 � 28.28a 1132.00 � 28.56b

TDS (mg L−1) 5750.00 � 50.00a 6450.00 � 50.62b

DO (mg L−1) 16.40 � 0.10b 17.75 � 0.15c

K+ (mg L−1) 8.21 � 0.12a 8.46 � 0.12a

Ca+ (mg L−1) 1.34 � 0.13a 1.44 � 0.03a

BOD (mg L−1) 5.10 � 0.00b 9.25 � 0.61c

COD (mg L−1) 860.00 � 60.00b 620.00 � 20.11b
Chlorides (mg L−1) 466.40 � 3.12b 167.43 � 2.22a

Nitrates (mg L−1) 0.16 � 0.00b 0.15 � 0.01b

Sulphates (mg L−1) 0.61 � 0.02a 0.49 � 0.00a

Phosphates (mg L−1) 0.97 � 0.02b 0.68 � 0.02a

a Keys: A = River water from Akpata Ekpemu, B = River water from Oke
Dissolved Solids, BOD = Biochemical Oxygen Demand, COD = Chemic
Unit (NTU), EC = Electrical Conductivity, NS = Not stated, HU = Haz
World Health Organization, SON = Standard Organization of Nigeria.
determination. Values with different superscripts on the same column ar

© 2026 The Author(s). Published by the Royal Society of Chemistry
oil was extracted using the previously described gravimetric
method. Every adsorption study condition was repeated three
times, and the average was noted. The removal efficiency (RE%)
of TPH in the crude oil-contaminated water samples using PAE
AgNPs was determined using eqn (3):35

Removal efficiencyðRE%Þ ¼ ðTPHControl � TPHTreatedÞ
TPHðControlÞ

� 100

(3)

where TPHControl = initial crude oil concentration (mg L−1),
TPHTreated = nal crude oil concentration (mg L−1).
2.7 Data analysis

GraphPad Prism version 8.0.1 and the statistical program for
social science (SPSS) version 26 were used to analyze the data,
which were then shown as Mean ± SEM. Duncan's Multiple
Range Test (DMRT) and two-way Analysis of Variance (ANOVA)
were used to compare various groups. P < 0.05 were regarded as
signicant. To determine the relationship between the param-
eters, correlation analysis was done.
3 Results and discussion
3.1 Physicochemical parameters of crude oil-polluted water

Table 2 shows the results of the physicochemical examination
of water samples contaminated by crude oil collected from the
Jones Creek Oil Field communities. Turbidity, pH, potassium,
BOD5, nitrates, sulphates and phosphates of the water samples
fell within the acceptable ranges set for surface waters by the
World Health Organization,53 the Standard Organization of
Nigeria.54 And the Federal Ministry of Environment.55 The mean
turbidity ranged from 0.05 ± 0.00 to 0.11 ± 0.00 mg L−1 and the
pH ranged from 6.63 ± 0.01 to 6.88 ± 0.01. In contrast, the
les collected from communities of Jones creek oil fielda

C WHO (mg L−1) FEPA/SON (mg L−1)

6.88 � 0.01c 6.5–9.0 6.5–8.0
0.05 � 0.00a 5 5

22700.00 � 12.78c 1000 1000
2452.00 � 25.84c 200 150

11350.00 � 45.66c 1000 500
12.350 � 05a 14 14

8.99 � 0.24a 12 NS
1.80 � 0.01b 75 NS
1.45 � 0.12a 10 NS

b 240.00 � 12.62a ˂250 ˂250
585.99 � 8.02c 250 250

0.14 � 0.00a #50.0 50
0.53 � 0.01a 250 100
0.83 � 0.01b 5 NS

renkoko, C = River water from Escravos River (Control), TDS = Total
al Oxygen Demand, DO = Dissolved Oxygen, Nephelometric Turbidity
en units, FEPA = Federal Environmental Protection Agency, WHO =
Values are expressed in mean ± standard error of mean of triplicate
e signicantly different at p < 0.05.
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mean values of potassium (K+), BOD5, nitrates, sulphates and
phosphates ranged from 8.21 ± 0.12 to 8.99 ± 0.24, 1.45 ± 0.12
to 9.25 ± 0.61, 0.14 ± 0.00 to 0.16 ± 0.00, 0.49 ± 0.00 to 0.61 ±

0.02, and 0.68 ± 0.02 to 0.97 ± 0.02 mg L−1 respectively. All the
water samples examined had electrical conductivity, total
hardness, total dissolved solids and chloride levels that were
higher than recommended standards. With a mean value of
22700.00 ± 12.78 mS cm−1, the water sample taken from the
Escravos River had the highest electrical conductivity while the
water sample taken from Akpata Ekpemu had the lowest,
measuring 11650.00 ± 50.37 mS cm−1. All water samples that
were examined had total hardness and total dissolved solids
(TDS) above the WHO and FEPA permissible limits. The water
samples from the Escravos River had the highest mean values of
total hardness and TDS (2452.00 ± 25.84 and 11350.00 ±

45.66 mg L−1 respectively) while the water samples from Akpata
Ekpemu had the lowest mean values (972.00 ± 28.28 and
5750.00 ± 50.00 mg L−1 respectively). The COD in the water
sample collected from the Escravos River was within the WHO
and FEPA allowed limits while water samples from Akpata
Ekpemu and Okerenkoko had mean values of 860.00 ± 60.00
and 620.00 ± 20.11 mg L−1 respectively, which were beyond
levels prescribed by WHO and FEPA. The dissolved oxygen (DO)
levels were high in Akpata Ekpemu (16.40 ± 0.10 mg L−1) and
Okerenkoko (17.75 ± 0.15 mg L−1) but was within the permis-
sible limits for surface water prescribed by WHO for water
collected along the Escravos River (12.350 ± 05 mg L−1).

The number of ionized compounds in water determines its
electrical conductivity (EC), which is a measurement of its
ability to carry electrical current.56 It evaluates the total amount
of dissolved solids in water. Additionally, it is an indicator
characteristic that describes the salt and organic content. In its
natural condition, pure water conducts electricity.57 The water
sample (Table 2) from the Jones Creek communities had mean
EC values that were generally high, ranging from 11650.00
mS cm−1 to 22700.00 mS cm−1. These values exceeded the
acceptable limits of 500 and 1000 mS cm−1 set by the FEPA,55

SON54 and WHO53 standards, respectively. The rush of seawater
brought on by high tide may be the cause of the water samples'
elevated conductivity levels. The EC values found in this study
are consistent with high EC values of 33.489–33.592 mS cm−1

from the estuary of the Bonny/New Calabar River reported by
Onojake et al.58 and 1245–1824 mS cm−1 from the Ogoloma River
in Okrika Local Government Area, Rivers State, Nigeria, re-
ported by Efekemo et al.56 Effiong and Etteokon59 observed
higher EC values from the tropical mangrove estuarine system
in Akwa Ibom State (Niger Delta), Nigeria, ranging from 3472.53
to 39611.68 mS cm−1. The researchers ascribed the high EC
values to the regular waste ow from human activity. The
elevated levels of total dissolved solids are supported by the
high concentration of EC found in this investigation.

The presence of cations in water, especially calcium and
magnesium, is what causes water hardness.60 Water hardness
has no health-based guidelines, however concentrations over
200 mg L−1 may cause scale buildup on boilers and in distri-
bution systems, poor lather creation that leads to overuse of
soap and scum development.61 The total hardness level of the
1218 | RSC Adv., 2026, 16, 1212–1239
water samples obtained from various communities in the Jones
Creek Oil Field is higher than the WHO, SON and FEPA rec-
ommended standards for freshwater, indicating poor water
quality. The presence of various minerals and heavy metals in
the water may be the cause of the observed hardness. The
results of this nding support the ndings of Sam et al.,62 but it
contrasts with the ndings of Ajayi and Okeke,61 which indi-
cated total hardness in the range of 19.0 to 38.0 mg L−1 from
surface water resources of Kolo Creek and environs, Niger Delta,
Nigeria.

Total dissolved solids (TDS) are measurements of inorganic
salts, organic matter and other dissolved materials in a typical
aquatic environment.5 In general, its concentration is related to
the level of pollution.63 The various communities in Jones Creek
yielded total dissolved solids readings ranging from 5750.00 to
11350.00 mg L−1. The SON and WHO allowable limits were
exceeded by these levels. High concentration of dissolved solids
tends to raise the viscosity of water, decrease the solubility of
gases in water and alter the osmoregulation of aquatic
animals.56 Over an extended period of time, elevated TDS levels
in waterways can contribute to eutrophication. Living things
have a hard time moving along the water column in an aquatic
habitat with a high TDS content. Public health risks from
excessive water consumption, which is high in dissolved solids,
include effects on the central nervous system, paralysis of the
tongue, lips, and face as well as prickliness and vertigo.56

The water samples taken from the Okerenkoko and Akpata
Ekpemu communities had dissolved oxygen levels ranging from
16.40 to 17.75 mg L−1 (Table 2), which was greater than what
was recommended by the SON and WHO. Dissolved oxygen
(DO) is one of the most crucial markers of high-water quality
and a vital component for sh and other aquatic species'
survival, which plays a vital role in biological processes.62 For
example, high DO levels in drinking water may taste better than
low DO levels, but they can also harm industrial components,
such as water pipe corrosion. The DO levels found in this study
exceeded the 14 mg L−1 threshold set by the relevant bodies
(SON and WHO). To survive in any aquatic habitat, aquatic
species need a minimum concentration of 5.0 to 6.0 mg L−1.
The DO levels found in this study were comparable to those
found in water from the Bodo64 and Sagbama65 Creeks in the
Niger Delta of Nigeria, but they did not support the values re-
ported by Iyeritei et al.28 and Chukwuma et al.66

The water samples under investigation had pH levels that fell
between the 6.5 and 9.0 range recommended by the WHO, SON
and FEPA for surface water. Water system's pH is a dynamic
indicator of water value and quality that shows how polluted the
water source is. Low pH values are indicative of acidic waters
because they can dissolve harmful substances and components,
such as heavy metals, creating toxic habitats that are unfav-
ourable to aquatic plant and animal life.67 The study's pH read-
ings indicated that the water samples had a minor acidity. The
increase in acidic precipitate caused by oil spills on nearby water
bodies and waste disposal may be the cause ofmild acidity.1,2 The
pH values that were observed were within the range that other
researchers in the Niger Delta environment had recorded.60,68
© 2026 The Author(s). Published by the Royal Society of Chemistry
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The water samples had nitrate contents that were within the
WHO-established acceptable limit of 50 mg L−1.53 In the aquatic
environment, nitrate is less harmful than ammonia and nitrite,
two additional types of nitrogen. Surface water typically has
a low nitrate concentration, but runoff from agriculture,
particularly from fertilizer-contaminated soils, or sewage
discharge from households and businesses can raise it to high
levels.69 Lakes and slow-moving streams can become eutrophic
due to algal blooms brought on by elevated nitrate concentra-
tions over the threshold value.67 The near-complete lack of
agricultural activity in the areas under investigation may be the
cause of the low levels found in this study. Similarly, in their
study on water quality evaluation utilizing a pollution model
and water quality index in a few settlements in Gbaramatu
Kingdom, Niger Delta, Nigeria, Sam et al.62 found low nitrate
concentrations in the range of 0.37 to 0.92 mg L−1. However,
compared to other authors67,70 in comparable environments, the
observed values in this study were lower.

The water samples had low phosphate levels that were within
an acceptable range (Table 2). As a result, the water may be
suitable for household usage. The phosphate concentration
ranged from 0.68 to 0.97 mg L−1, which is comparable to the
ndings of Friday et al.67 from Nta-Wogba Stream, which
revealed that, in the absence of human interference, phosphate
levels typically fall between low and moderate in freshwater
media. The main causes of turbidity in water are colloid and
nely suspended particles. Additionally, it is linked to the
number of pathogenic organisms in water, which can be caused
by soil runoff.60 All the tested samples had minimal turbidity
(Table 3), falling below the World Health Organization's 2011
recommended threshold of 5 NTU. Similar turbidity readings
from surface water near Odeama Community in the Nigerian
Niger Delta were observed by Okoro and Diejomaoh.71

Chloride levels in water samples (Table 2) collected from
Akpata Ekpemu and the Escravos River (Samples A and C)
exceeded the WHO53 recommended limit of 250 mg L−1,
however the Okerenkoko water sample was within the range.
The high chloride levels in this study were consistent with the
ndings of Edori et al.,69 who suggested that industrial activity
in the vicinity of the study region and storm water surface
runoffs to the river could be the cause of the high chloride
levels. Sewage, industrial discharges and the re-suspension of
sediments contaminated with chloride are the main sources of
Table 3 Bacterial counts of water samples collected from commu-
nities of Jones Creek oil fielda

Samples THBC (cfu mL−1 × 105) THUBC (cfu mL−1 × 103)

A 120.33 � 0.88c 2.33 � 0.88a

B 16.67 � 2.73b 13.67 � 1.20b

C 4.33 � 0.88a 0.33 � 0.01a

a Values are expressed in mean ± standard error of mean of triplicate
determination. Values with different alphabet on the same row are
statistically signicant different at p < 0.05. Keys: THBC = Total
Heterotrophic Bacterial Counts, THUBC = Total Hydrocarbon
Utilizing Bacterial Counts, cfu mL−1 = Colony Forming Units per mL.

© 2026 The Author(s). Published by the Royal Society of Chemistry
chloride in water. The presence of chloride in water is a sign of
sewage-related pollution.

Leaching from gypsum-containing rocks and other sulfur-
derived minerals causes sulphates to naturally occur in water.
The concentration of sulphate in water is further increased by
atmospheric precipitation, household sewage and waste from
industry outputs (such as mining operations, tanneries and
paper production enterprises).70 Excessive sulphate levels in
water have the potential to lower the pH of the water, which
would encourage the growth of bacteria.67 All the sampled
communities in Jones Creek Oil Field had sulphate levels below
the 200 mg L−1 threshold established by the FEPA and WHO for
freshwaters. The sulfate concentrations found in this study were
lower than those found in a similar study conducted by Edori5

in Ede Onyima Creek, Okarki-Engenni, Rivers State, Nigeria,
and by Akpan et al.70 in the Qua Iboe River, Ikot Ekpene stretch,
Akwa Ibom State, Nigeria. Researchers have also found higher
sulfate levels in comparable settings. Sam et al.,62 for example,
reported sulphate levels ranging from 0.33 to 181 mg L−1 while
evaluating the water quality index and pollution model in a few
communities in Gbaramatu Kingdom, Niger Delta, Nigeria.
They attributed the ndings to atmospheric deposition, mineral
dissolution and other anthropogenic sources like fertilizer,
mining, oil and gas exploration and production that were
related to the study area.

3.2 Total petroleum hydrocarbon concentrations of crude
oil-polluted water samples

Samples taken from Akpata Ekpemu, Okerenkoko and the
composite sample (Samples A, B, and D) had mean concentra-
tions of total petroleum hydrocarbons (TPH) in surface water that
were higher than the 10.00 mg L−1 limits set by the Department
of Petroleum Resources72 and the FEPA, with mean concentra-
tions of 14.00± 1.42mg L−1, 380.85± 0.55mg L−1 and 2324.36±
4.23mg L−1 respectively. Nonetheless, the water sample collected
from the Escravos River had a mean TPH value of 6.55 ±

0.91 mg L−1, which was within permissible limits (Fig. 2).
Total petroleum hydrocarbons were not evenly distributed

throughout the Jones Creek communities (Fig. 2). There were
noticeable differences between stations. This demonstrates
unequivocally that human activity was the cause of pollution.
Fig. 2 TPH of the water samples.
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Hydrocarbons in freshwater environments are caused by
anthropogenic processes, including industrial operations,
burning fossil fuels, oil plants and reneries and urban
garbage.73 Illegal bunkering in the vicinity and commercial
activities (such as speed boat shing), where the engine may be
releasing lubricating or engine oil into the water, may be blame
for the elevated TPH levels found in Jones Creek. The greater
quantity of TPH in the research location may possibly be
explained by inadequate cleanup following an oil spill, as this
creek also receives sewage from nearby oil businesses.

Petroleum hydrocarbons will inevitably poison and harm the
environment wherever oil exploration and production occur.74

Through bioaccumulation and olfactory cell blockage, petro-
leum hydrocarbons, whether found in sediments or surface
water, can impair aquatic organism life forms.56 The increase in
total petroleum hydrocarbons found in this study suggested
that Jones Creek's freshwater is unsuitable for household
purposes like drinking and cooking because even a small
amount of hydrocarbon product in drinking water poses
a major risk to public health since it can cause a number of
illnesses, including cancer.28,53
3.3 Bacterial counts of the water samples

Table 3 displays the ndings of the bacteriological examina-
tions of water samples collected from the Jones creek oil eld's
communities. In the water samples, the average Total Hetero-
trophic Bacterial Counts (THBC) varied between 4.33 ± 0.88 cfu
mL−1 to 120.33± 0.88× 105 cfu mL−1. However, it was observed
that there was a signicant difference (P < 0.05) in THBC
between the samples. Akpata Ekpemu (Sample A) had the
highest mean count (120.33 ± 0.88 × 105 cfu mL−1), whereas
water samples taken from the Escravos River (Sample C) had the
lowest count (2.33 ± 0.33 × 105 cfu mL−1). The mean Total
Hydrocarbon Utilizing Bacteria Counts (THUBC) varied from
0.33 ± 0.01 cfu mL−1 to 13.67 ± 1.20 × 103 cfu mL−1, as shown
in Table 3. The highest bacterial counts were found in crude oil-
contaminated water samples from Okerenkoko (Sample B),
whereas the lowest bacterial counts were found in samples
taken along the Escravos River, which also functioned as the
control (Sample C) (Table 3).

The bacterial community in this investigation did not exhibit
any discernible growth pattern, but their numbers were greater
than those in the control (Escravos River). The THBC indicates
that the overall environmental microbial population may rise
because of an increase in nutrient load brought on by pollu-
tion.13,75 According to other researchers, the presence of bacte-
rial growth from crude oil-contaminated water samples is also
proof that these bacteria can adapt to such an environment. For
example, Omoruyi and Amadi76 reported a mean THBC of 5.91
log cfu mL−1 in Egbaoma Flow Station, Delta State, Nigeria and
Akpoka et al.9 reported a THBC of 19.3± 8.41× 105 cfumL−1 for
surface water in similar environments. The results of this study
are consistent with the ndings of these investigations.
However, in the surface water of the Kono River in Rivers State,
Nigeria, and the Borikiri wetlands, Benibo et al.16 and Osadebe
et al.14 showed reduced THUB and THBC numbers respectively.
1220 | RSC Adv., 2026, 16, 1212–1239
The study's ndings showed that the natural microbial pop-
ulations in the water tainted by crude oil could mineralize
environmental contaminants to a level that was safe and
acceptable.

Given that the river and the surrounding area are associated
with chronic crude oil pollution, the percentage of hydrocarbon
(HC) utilizers seen in this study was anticipated. Because the
bacterial population present in communities surrounding
petroleum products had the capacity to consume hydrocarbon
due to recurrent exposure to petroleum products, high abun-
dances of HC-utilizers are expected in locations that experience
repeated spills over an extended period of time. In accordance
with Galitskaya et al.,77 following a pollution event, the number
of HC-utilizers in the environment tends to increase dramati-
cally. As pollutant levels decline over time, their numbers
gradually decline but hardly ever reach their pre-pollution
levels. This is particularly true for areas like the communities
of the Jones Creek Oil Field that are subject to ongoing
pollution.
3.4 Identity of bacterial isolates in the crude oil-polluted
water samples

The bacterial isolates from crude oil-contaminated water
samples in this study were identied as Pseudomonas aerugi-
nosa, Pseudochrobactrum asaccharolyticum, Bacillus megaterium,
Micrococcus luteus, Bacillus subtilis, Escherichia coli, Bacillus
cereus,Macrococcus caseolyticus and Bacillus thuringiensis. These
organisms were identied based on their cultural, morpholog-
ical and biochemical characteristics. The morphological and
biochemical characteristics of the bacterial isolates are pre-
sented in Table S1. Other researchers have conrmed that some
of the species recovered from this study area (Table S1) are
present in Niger Delta soil, ground water and surface
water.16,76,78,79 The fact that these organisms were isolated from
these habitats demonstrate that they can break down hydro-
carbons and have developed adaptation mechanisms to use
these pollutants as sources of carbon and energy. Therefore, it is
not surprising that these organisms were isolated from
contaminated water, and they are shown to be promising
candidates for the biodegradation of petroleum hydrocarbons.
Potential oil degraders are best isolated from oil-contaminated
areas.76

Since microorganisms are found throughout nature, their
presence in particular habitats may serve as a biomarker for the
presence of certain contaminants or as an indication of
contamination.76 Therefore, the distribution of bacterial
isolates from the different sample locations suggests that
metabolically active strains that might use hydrocarbons as
a source of carbon and energy are frequently found. Bacteria
that use hydrocarbons are incredibly diverse and may easily
adapt to live in unfavourable conditions.9,80 Different microbial
genera break down petroleum compounds using different
paths; some of these pathways take less time to nish while
others take more time. Biodegradation processes are also
greatly inuenced by the kinds of enzymes that microorganisms
use and the components of petroleum products.10
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Bacteria have been identied as the main and active agents
in the breakdown of hydrocarbons among microorganisms.80,81

Hydrocarbon-degrading bacteria are not limited to a small
number of taxa but are found throughout nature. The bacteria
that were isolated and described in this study, such as Pseudo-
monas, Bacillus and Micrococcus, are known to be oleophilic in
contaminated environments.14,82 Some of the various genera of
bacteria that have been reported as hydrocarbon degraders
include the Bacillus, Acinetobacter, Pseudomonas, Micrococcus,
Gordonia, Rhodococcus, Cobetia, Halomonas, Alcanivorax, Mar-
inobacter, Microbacterium, Corynebacterium, Ochrobactrum,
Stenotrophomonas and Hahella.76,78,81

One of the well-known hydrocarbon degraders that use the
terminal oxidation pathway is Pseudomonas species.83 Several
authors have found Pseudomonas species in a variety of
hydrocarbon-contaminated environments.6,16,84 Up to 100% of
the C13–C35 hydrocarbons in crude oil can be broken down by
Pseudomonas aeruginosa, which was isolated from an oil-
contaminated lake wetland.84 The detection of Bacillus species
in the water samples used in this investigation may be
explained by their capacity to produce spores in situations when
nutrients are few and to endure in a variety of conditions,
including water contaminated by hydrocarbons.14,16,81 Because
they can lower surface and intersurface tension, bi-
osurfactants—a class of surface-active molecules with emulsi-
fying activity—are also produced by several Bacillus species.
This characteristic is thought to be a biological tactic to improve
the biodegradation rates and raise the bioavailability of carbon
sources that are difficult to reach, like hydrocarbons.81

Some of the bacteria that were isolated from the water
samples (Table S1) have been connected to water-borne
illnesses including diarrhea and are of public health
concern.79 These bacterial isolates' presence indicates that the
water sources are unt for human use. Escherichia coli, for
example, is a sign that surface water has been contaminated by
feces as a result of untreated sewage being dumped directly into
the water body.16 Urinary tract infections, diarrhea, nosocomial
pneumonia, and dysentery are intestinal illnesses that can be
brought on by Escherichia coli. Additionally, some Pseudomonas
species, such Pseudomonas aeruginosa, have the potential to
produce septicemia and bacteremia.79

Members of the genus Macrococcus have been isolated from
people and other animals, andMacrococcus caseolyticus is a non-
pathogenic bacterium. Lambwas the original host ofMacrococcus
caseolyticus.85 In their search for animal-borne antibiotic-
resistant bacteria, Baba et al.86 identied this organism from
a domestic chicken's skin swab; Karani et al.87 isolated it from
semi-dried prawns that had undergone radiation processing.
However, Pelletier and Draper88 isolated the same bacterium
from four horses' diseased hooves. Furthermore, two species—
Macrococcus equipercicus and Macrococcus carouselicus—have
been isolated from ponies' and horses' skins, although they
haven't been linked to any diseases.89 Macrococcus and Staphy-
lococcus are the two bacterial genera that are most closely related.

It was reclassied to be a separate genus due to its signi-
cantly lower genome size than staphylococci, aer formerly
belonging to the staphylococcal family.86 Staphylococcus
© 2026 The Author(s). Published by the Royal Society of Chemistry
epidermidis is oxidase negative, whereas it is oxidase positive.
Currently, seven (7) species are included in the genus Macro-
coccus: Macrococcus bovicus, Macrococcus carouselicus, Macro-
coccus caseolyticus, Macrococcus equipercicus, Macrococcus
brunensis, Macrococcus hajekii and Macrococcus lamae.86,87 In
contrast to staphylococcal species, macrococci are usually iso-
lated from animal skin and foods like milk andmeat and do not
cause infections in humans or other animals. However, very
little is known about this organism's physiological character-
istics and there aren't many published reports on macrococci.
In addition to Staphylococcus, Bacillus species are closely linked
to Macrococcus caseolyticus, according to phylogenetic relation-
ship research based on 16S rRNA sequences. This organism has
a globular shape; however, its cells are bigger than staphylo-
cocci's.86,87 Sharma and Dhingra90 have previously isolated
Pseudochrobactrum asaccharolyticum from soil, water and the
root nodules of leguminous plants.
3.5 Tolerance of bacterial isolates to hydrocarbon based on
turbidity

Fig. 3 displays the primary screening for crude oil-degradation
capacity based on turbidity of the isolated bacteria from the
different communities of the Jones Creek oil eld. The ndings
indicated that on the 14th day, all the bacterial isolates were at
their highest level. Of all the bacterial isolates in the MSM
medium, Pseudomonas aeruginosa had the highest optical
density (OD) value of 1.86 on the 14th day of incubation. At the
end of the incubation period, Escherichia coli had the lowest
optical density value of all the bacterial isolates, measuring
0.109. On day 14, Pseudochrobactrum asaccharolyticum reached
its maximum OD of 1.73; on day 28, it dropped to 1.53. Bacillus
thuringiensis, Bacillus subtilis, Bacillus megaterium, and Bacillus
cereus recorded ODs of 0.21, 0.17, 0.18, and 0.14 on Day 28,
respectively while Macrococcus caseolyticus had the highest OD
of 1.50 on Day 14 and decreased to 1.23 at the end of the study.
The 14th day likewise had the maximum OD of 0.51 for Micro-
coccus luteus (Fig. 3).
RSC Adv., 2026, 16, 1212–1239 | 1221
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Mineral Salt Medium (MSM) supplemented with 1% crude
oil was used to examine the bacterial isolates' capacity to break
down hydrocarbons. Bacillus megaterium, Micrococcus luteus,
Bacillus subtilis, Escherichia coli, Bacillus cereus, Macrococcus
caseolyticus, Bacillus thuringiensis, Pseudomonas aeruginosa and
Pseudochrobactrum asaccharolyticum were the bacterial isolates
(Fig. 3). The bacterial growth was assessed by measuring optical
density (550 nm) at regular intervals (7 days) aer the nine
isolates were incubated for 28 days on 1% crude oil as the only
source of carbon and energy. This served as an indicator for the
utilization of hydrocarbons10,14 Aer 28 days of incubation,
these isolates used the crude oil to varying extents (Fig. 3). Aer
14 days of incubation, Pseudomonas aeruginosa had the highest
optical density value of all bacterial isolate in the MSMmedium,
measuring 1.855. At the conclusion of the incubation period,
Escherichia coli had the lowest optical density value of any
bacterial strain, measuring 0.109.

Turbidity measurement is an indirect indicator of microbial
cell mass.91 Although the degree of degradation varied across
the isolates, the study's ndings (Fig. 3) demonstrated that all
the bacterial isolates had efficiently used crude oil. For every
bacterial isolate, the OD increased linearly between days 7 and
14. Hydrocarbon breakdown was caused by bacterial growth, as
evidenced by the steady rise in OD (turbidity).3 While lowering
the pollutant content in the environment, the microorganisms
that break down crude oil were able to change and mineralize
the pollutant for use as an energy source and for other cellular
processes.92 The oil layer gradually and visibly disappeared due
to the rise in cell densities brought on by hydrocarbon usage
and aer a long time, the oil lm completely vanished. The
broth's turbidity gradually decreased from day 21 to day 28,
which may indicate a drop in the bacterial population and the
breakdown of the hydrocarbon between days 7 and 21. The
ndings unequivocally demonstrated that the nine (9) bacterial
isolates employed in this investigation could utilize, proliferate
and break down the crude oil found in the mineral salt
medium. The bacterial isolates that used carbon as their only
energy source adapted, survived and multiplied, as evidenced
by other researchers' reports of an increase in optical density
and turbidity of the mineral salt medium of the bioremediation
setup that lasted for 28 days.3,82
3.6 Tolerance of bacterial isolates to hydrocarbon based on
viable plate counts

Table S2 shows the results of the primary screening for crude
oil-degradation capacity of the isolated bacteria from the
different communities of the Jones Creek oil eld based on
viable plate counts. Pseudomonas aeruginosa had the highest
viable count of isolates from the water samples during the
course degradation experiment, followed by Pseudo-
chrobactrum asaccharolyticum and Macrococcus caseolyticus.
Escherichia coli had the lowest capacity to degrade the crude oil
used in this investigation. However, it was noted that there was
no discernible difference in the overall viable counts of the
other ve bacterial isolates. From day 1 to day 21, the organ-
isms grew steadily and were able to use the nutrients that were
1222 | RSC Adv., 2026, 16, 1212–1239
available (Table S2). Additionally, the overall viable counts
gradually decreased aer day 21, suggesting that the cells had
stopped dividing. This might have happened because of
nutritional depletion. It's also possible that the buildup of
harmful metabolic products the organism made caused
growth to stop. It's possible that the presence of harmful waste
products altered the culture media and prevented the bacteria
from growing.37,82
3.7 Crude oil biodegradation by bacterial isolates

Fig. S1 displays the rates and overall extent of biodegradation of
the bacterial isolates based on secondary screening to establish
their capacity to break down crude oil using the gravimetric
method. When compared to the percentage of biodegradation
in the control asks without bacterial inoculation, it was found
that the bacterial isolates degraded the light crude oil to
differing degrees. The asks inoculated with different bacterial
isolates showed a notable loss of oil. Within the rst 10 days of
incubation, the crude oil biodegraded quickly in the asks
injected with Pseudomonas aeruginosa (36.30%), as opposed to
the ˂1% biodegradation seen in the asks without inoculation.
At the end of 30 days, this isolate also had the highest
percentage of oil degradation (97.80%), followed by Pseudo-
chrobactrum asaccharolyticum and Macrococcus caseolyticus,
which had crude oil degradation rates of 96.20% and 94.30%,
respectively. In contrast, the control had 1% crude oil degra-
dation during the same period. Following 30 days, Escherichia
coli degraded the light crude oil at the lowest percentage
(61.62%).

Compared to the other bacterial strains, Pseudomonas aeru-
ginosa displayed a higher capacity to degrade hydrocarbons.
Because Pseudomonas aeruginosa can use these hydrocarbons as
an energy source, it grew quickly and widely during the
hydrocarbon-degradability test. Other researchers' similar
reports78,83 demonstrated that Pseudomonas spp. were the most
common species in habitats contaminated by hydrocarbons.

The study's ndings (Fig. S1) are consistent with those of
Jeya et al.,15 who discovered that Pseudomonas aeruginosa broke
down crude oil more effectively than other isolates in 30 days.
The ndings of this investigation, however, contradict those of
Abioye et al.,78 who discovered that in 28 days, Micrococcus sp.,
Pseudomonas sp., and Bacillus sp. degraded crude oil by 77.6%,
73.1%, and 67.7% respectively. When compared to these
results, the variations in the percentage of oil biodegradation
may be the result of the various types of oil utilized in the
research. Another notable bacterial genus that has been shown
to breakdown petroleum hydrocarbons is Bacillus.3,14

In this investigation, it was discovered that Escherichia coli
could survive on crude oil as the only carbon source (Fig. S1).
This suggested that it could be used to clean up crude oil spills.
Crude oil degradation by this bacterium has been documented
in other investigations. According to Sarfo et al.,93 who
employed Oxford nanopore sequencing to isolate and charac-
terize crude-oil-dependent bacteria from the Ghanaian coast,
this organism has shown the ability to degrade crude oil.
Transformant Escherichia coli was identied in soil
© 2026 The Author(s). Published by the Royal Society of Chemistry
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contaminated by used motor oil by Musa94 and has also been
linked to the breakdown of crude oil (phenanthrene).95

Mono and dioxygenases are found in hydro-carbonoclastic
bacteria, and they catalyze the splitting of oxygen molecules
into atoms, which are then incorporated into aliphatic and
aromatic hydrocarbons.96 When the hydrocarbon is attacked,
alkanes are converted to alkanols, which are then oxidized to
alkanals and, ultimately, to the corresponding fatty acids. Aer
that, b-oxidation breaks down the fatty acids into units of acetyl-
CoA. This intermediate is processed through the TCA cycle to
CO2 and H2O for the manufacture of ATP and the cycle's keto
acid, which creates amino acids for the synthesis of bacterial
cell components. This encourages the bacteria to grow.82 The
metabolic pathway mentioned above was probably employed by
the bacterial isolates identied in this investigation, which
showed optimal development when exposed to crude oil. Only
one of the nine (9) bacterial isolates was chosen for additional
research, but three (3) that showed good growth and optical
density were identied down to the molecular level.
Fig. 4 UV spectrum of the biosynthesized AgNP.
3.8 Molecular identities of selected bacterial isolates

The National Centre for Biotechnology Information (NCBI)
databases' Basic Local Alignment Search Tool (BLAST) was used
to identify the bacterial 16S rRNA sequences, as shown in Table
S3. The top four isolates that degraded hydrocarbons were
conrmed to be Pseudomonas aeruginosa (A), Pseudomonas aer-
uginosa (B), Pseudochrobactrum asaccharolyticum (C) and
Macrococcus caseolyticus (D) by genomic analysis (Table S3).
Isolates A and B's 16S rRNA gene sequencing revealed 99.43%
and 99.78% sequence similarity to Pseudomonas aeruginosa
respectively. As a result, isolates A and B were identied as
Pseudomonas aeruginosa strain AgA and Pseudomonas aeruginosa
strain AgB. Isolate C's physiological and morphological char-
acteristics were similar to those of Pseudochrobactrum asac-
charolyticum, which had 99.85% sequence similarity and was
identied as Pseudochrobactrum asaccharolyticum strain AgC.
However, isolate D had 99.72% identity with Macrococcus case-
olyticus and was identied as Macrococcus caseolyticus strain
AgD. By sequencing the 16S rRNA, the isolated bacterial strains
were molecularly identied. All four isolates had 1500 base
pairs (Plate S1). The PCR-amplied 16S rRNA sequences
employed for this were used as a sensitive and specic micro-
organism detection approach.3,97 The three (3) bacterial isolates
were identied using a universal primer pair unique to a 16S
rRNA gene fragment. All isolates showed positive results with an
amplication band corresponding to 1500 bp, conrming that
they were all bacterial species (Plate S1). The Pseudomonas aer-
uginosa sequence found in this investigation matched the
similar sequences of a few other known species that break down
hydrocarbons. The phylum Proteobacteria typically possesses
traits that are strongly linked to aliphatic and aromatic
hydrocarbon-degrading organisms, according to the ndings
from previous investigations by Bekele et al.98 The NCBI data-
base now contains strains. However, Pseudomonas aeruginosa
strain AgA was selected for the synthesis of silver nanoparticles
and further study.
© 2026 The Author(s). Published by the Royal Society of Chemistry
3.9 Extracellular synthesized silver nanoparticles

The culture supernatant of Pseudomonas aeruginosa strain AgA
was used to synthesize AgNP. Using a visual indication that
could be seen by the reaction's colour shi, the biosynthesis of
AgNPs was carried out (Plate S2). The main indicator of the
biosynthesis process was the visual monitoring of the bi-
oformation of AgNPs from the AgNO3 combination using
bacterial supernatant. The control media (culture supernatant
without AgNO3 and AgNO3 solution alone) incubated under the
same conditions, however, did not change colour (Plate S3).

One of the main indicators of the bioreduction of Ag+ ions to
Ag0 is the change in colour from yellow to dark-brown when
bacterial supernatant is present (Plates S2–3).99 The control
(Plates S2–3) showed no change in colour, indicating that the
media's compounds could not inuence the Ag+ ion's reduc-
tion.100 The colour shi also occurred when light was present,
suggesting that sunlight was crucial to the synthesis of
AgNPs.101 Various investigations have shown that the applica-
tion of various reducing agents in the presence of sunlight
triggers the biosynthesis of AgNPs. Similar colour changes
under illumination were also noted by Hamouda et al.,102 who
suggested that AgNO3 may be decreased in the reaction mixture
due to electrons moving between energy levels and generating
silver nanoparticles. An oscillation of electrons while in reso-
nance with light waves caused this colour shi, which was
triggered by the activation of the AgNPs' Surface Plasmon
Resonance (SPR).103
3.10 Characteristics of the synthesized silver nanoparticles

3.10.1 UV-visible spectroscopy. The UV-visible spectrum of
AgNP, which was synthesized using the culture supernatant of
Pseudomonas aeruginosa strain AgA, is shown in Fig. 4. AgNPs
surface plasmon peak production was observed in this investi-
gation at 425 nm with an intensity of 2.36.

The biosynthesized AgNP showed a prominent broad peak at
425 nm in the UV-visible absorption spectrum (Fig. 4). A surface
plasmon resonance of the particle has been connected to the
detection of such a band.99 The ndings of this investigation
were in line with prior work by Tariq et al.,104 who noted that all
aliquots of the reaction mixture derived from the culture
RSC Adv., 2026, 16, 1212–1239 | 1223
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supernatant that was 48 hours old had strong peaks at 426 nm.
Similarly, Abeer-Mohammed et al.100 indicated that a strong
surface plasmon reverberation placed at 400 nm was exposed
when the AgNPs synthesized by Pseudomonas aeruginosa strain
display.

According to Nagaraja et al.,105 distinctive AgNPs generally
displayed characteristic surface plasmon resonance at wave-
lengths between 400 and 450 nm. Any shi in the SPR peak
might be explained by biomolecules serving as capping and
reducing agents.106 The size and form of the metal AgNPs, the
dielectric constant and the medium surrounding the metal
particles all affected the variation in frequency and the breadth
of the SPR absorption band.21 This study also found the same
thing. The optical absorption spectra of metal nanoparticles,
which change to a longer wavelength as particle size rises, are
mostly determined by SPR.107

Abeer-Mohammed et al.100 found that the bacterial cell's
metabolic products, including proteins, amino acids and/or
extracellular enzymes, might reduce Ag+ ions. In contrast, the
control tests' colour remained unchanged, indicating that
Pseudomonas aeruginosa's metabolic byproducts—rather than
the media's constituents—were in charge of reducing Ag+

during the biosynthesis process. The researchers concluded
that the high content of secondary metabolites and enzymes in
Pseudomonas aeruginosa cell-free supernatant may be connected
to the high production rate of AgNPs at 50%. NADPH was
discovered to be the co-factor of the nitrate reductase enzyme,
and Giri et al.103 also revealed that silver ions exposed to nitrate
reductase produced exceptionally stable silver AgNPs. Accord-
ing to the study's ndings, the bioreduction of Ag+ to Ag0 and
the subsequent creation of silver nanoparticles may be caused
by the bacterial isolates under examination because they are
known to secrete the co-factor NADH and NADH-dependent
enzymes, particularly nitrate reductase. The biosynthesis of
AgNPs by Pseudomonas aeruginosa strain is primarily driven by
catalytic proteins—especially nitrate reductase—which donate
electrons to reduce Ag+ to Ag0, as reported in Ali et al.108 Enzyme
activity assays show elevated nitrate reductase activity corre-
lating with rapid nanoparticle formation. Simultaneously,
Fig. 5 Particle size distribution of AgNPs biosynthesized using Pseu-
domonas aeruginosa strain AgA.

1224 | RSC Adv., 2026, 16, 1212–1239
extracellular polymeric substances, including proteins and
phenolic-rich metabolites, cap and stabilize the forming
nanoparticles by providing functional groups (–NH, –COOH)
that prevent aggregation. This dual action of enzymatic reduc-
tion and polymer-mediated stabilization aligns with green
antimicrobial AgNP mechanisms described by Mikhailova.109

3.10.2 Particle size distribution. Fig. 5 displays the bi-
osynthesized nanoparticle's particle size histogram. Pseudo-
monas aeruginosa strain AgA had an average particle size
distribution of 34.60 ± 13.04 nm.

The dynamic light scattering (DLS) method of particle size
characterization relies on the interaction of light with particles and
can be used to calculate narrow particle size distributions (Fig. 5),
particularly in the 1–100 nm range.110 These results corroborate
those of Esmail et al.,17 who generated AgNPs using Bacillus ROM6
culture supernatant and found that they had an average size of 20–
70 nm. In their research, Khaleghi et al.111 also demonstrated that
Bacillus thuringiensis formed silver nanoparticles with an average
particle size of 42 nm. As a result, the ndings of this investigation
are aligned with those of other researchers.

3.10.3 HRTEM/SAED/EDS of the biosynthesized silver
nanoparticles. Fig. 6a displays AgNP images obtained by
HRTEM, which showed that the bacterial AgNPs generated were
spherical in shape, poly-dispersed, and well isolated from one
another. The plane of pure face-centered cubic (FCC) silver
structure was discovered to be 1.77 ± 0.13 Å, the average atomic
plane distance (d-spacing).

The presence of capping peptides surrounding each particle,
which served to stabilize the nanoparticles, was indicated by the
small aggregates. Crystal lattice fringes with an average d-
spacing of 1.77 ± 0.13 Å evidence the presence of well-dened
atomic planes within synthesized AgNPs, hence conrming
their crystalline nature (Fig. 6b). Such fringes are associated
with the periodic arrangement of atoms in metallic silver, and
the measured d-spacing should relate to interplanar distances
corresponding to a particular crystallographic plane. Verma
et al.112 reported that such lattice fringes relate to face-centered
cubic (fcc) silver and align with the reections recorded in XRD
patterns. The narrow variation (±0.13 Å) around the mean value
could point to high structural homogeneity and controlled
nucleation during synthesis. The presence of clear and sharp
lattice fringes would, therefore, suggest minimal defects and
strong crystallinity, which enhance AgNP optical, catalytic, and
antimicrobial properties. Nevertheless, there was little aggre-
gation and an uneven distribution of the bacterial AgNP across
the surface. For a crystalline material like AgNP, d-spacing
displays the inter-atomic spacing. The average d-spacing for
Pseudomonas aeruginosa strain AgA was 1.77 ± 0.13 Å. AgNP
would be more crystalline, more rigid and more stable with
lower d-spacings, and their performance would be superior.

The TEM analysis of Pseudomonas aeruginosa strain AgA was
comparable to that of Pseudomonas sp. ef1 bio-AgNPs by John
et al.,113 which showed smooth-surfaced poly-dispersed parti-
cles that ranged in size from 12.5 to 100 nm and had a smooth
surface. However, this was in contrast to the mono-dispersed
and smaller (6 to 16 nm) bio-AgNPs from Pseudomonas putida
by Gopinath et al.114 while Abeer-Mohammed et al.100 reported
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) High resolution HRSEM (b) low resolution HETEM (c) SAED of and (d) EDS of biosynthesized AgNP.
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that the biosynthesized AgNPs synthesized by Pseudomonas
aeruginosa were well dispersed with different shapes, aspherical
and square, ranging between 11 and 25 nm in diameter, Singh
et al.115 synthesized irregular shapes of the AgNPs from Pseu-
domonas aeruginosa in size of 10 to 40 nm.

In this study, AgNPs synthesized using the P. aeruginosa
strain AgA showed well-dened diffraction rings indicating
their polycrystalline nature (Fig. 6c). Five distinct concentric
rings corresponding to the lattice planes of (111), (200), (220),
(311), and (400) were observed in the SAED patterns. These
correspond to the fcc structure of elemental silver. These Bragg
reection planes match very well with the JCPDS card for pure
Ag, thereby conrming that the nanoparticles formed because
of bacterial reduction of silver ions possess a crystalline metallic
silver core rather than silver oxide or other mixed phases. The
prominent (111) plane indicates that a favorable orientation or
a high-intensity reection is paramount, as expected for bi-
osynthesized AgNPs due to thermodynamically favorable
atomic packing. The presence of multiple rings further
conrms that the AgNPs are polycrystalline and are constituted
of several small crystallites aggregated within each nano-
particle. The crystallographic features seen in the present study
from SAED are further in agreement with the XRD, which also
conrmed the formation of fcc silver with similar diffraction
peaks. The crystallinity observed in the present study is also in
good agreement with other studies, such as Chand et al.116 and
Al-Mashud et al.,117 in which SAED was used to conrm the
© 2026 The Author(s). Published by the Royal Society of Chemistry
crystalline nature of green- or microbially synthesized AgNPs.
Such a ring pattern corresponding to the (111), (200), (220), and
(311) planes also appeared, showing that the biological method
always produced fcc-structured silver with good poly-
crystallinity. Moreover, Hassan-Afandy et al.118 pointed out that
the crystalline structure of green-synthesized plasmonic AgNPs
tends to enhance its antibacterial efficiency through enhanced
surface reactivity and electron transfer dynamics. Their SAED
study also stressed the existence of intense diffraction rings
related to fcc silver, pointing out the central role of crystalline
quality in determining the functional performance.

These results are also in agreement with the work of Mud-
dassir et al.,119 who biosynthesized AgNPs for evaluating their
antibacterial activity against resistant strains of Pseudomonas
aeruginosa. The authors demonstrated that the crystalline
nature of AgNPs contributes signicantly to their antimicrobial
potential, thereby enhancing the interaction with bacterial
membranes and facilitating the release of Ag+ ions. They pre-
sented diffraction patterns characteristic of polycrystalline fcc
AgNPs, which agrees with the structural features described in
this work. This is in good agreement with reports indicating
that microbial synthesis routes, especially those involving P.
aeruginosa, oen generate crystalline AgNPs possessing higher
biological activities. The polycrystalline nature revealed from
the SAED patterns indicates that the biosynthesized AgNPs are
made up of multiple crystallographic domains contributing to
the overall structural stability and high surface energy of the
RSC Adv., 2026, 16, 1212–1239 | 1225
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nanoparticles. The presence of multiple orientation domains
also indicates that the nanoparticles possess a high number of
active facets, mainly the (111) plane, which has been reported to
play a key role in interaction with microbial cell walls.

Silver (Ag), carbon (C), and oxygen (O) atoms were detected in
the AgNP produced using the bacterial strain under study by
energy dispersive X-ray analysis (Fig. 6d). Ag was found in
substantial amounts in the EDS analysis. The atomic percent-
ages of silver (Ag) 87.35%, carbon (C) 10.19%, and oxygen (O)
2.46% were revealed by the EDS results of the AgNP produced
utilizing the Pseudomonas aeruginosa strain AgA. Silver had the
greatest peak in the bacterial AgNPs' EDS spectra (Fig. 6d), while
carbon and oxygen had the weakest peaks. This demonstrates
that the chemical composition of AgNP production is compar-
atively pure. Silver was the predominant element in this study,
as evidenced by the prominent peak (signal) of silver that
emerged at the 3 keV area due to surface plasma resonance.120

This is consistent with the ndings of earlier investiga-
tions.121,122 A few or minor peaks (spectra signals) were also
found in the EDS analysis, indicating that the nanoparticles
synthesized from the investigated bacterial strain contained
elements other than silver metal, such as carbon and oxygen.
These elements could be explained by the presence of conju-
gated biomolecules, such as proteins and enzymes, over the
surface of AgNPs.8,123

3.10.4 X-ray diffraction analysis. The XRD pattern of the
AgNP synthesized from the bacterial strain is displayed in Fig. 7.
At 2q value, the XRD pattern displayed ve different diffraction
peaks at 36.90°, 44.55°, 53.27°, 66.65°, and 76.56°. These peaks
matched the Ag face-centered cubic (FCC) structure of AgNPs'
(111), (200), (311), (400), and (311) crystallographic planes
respectively. The peaks validated the creation of silver nano-
particles and matched le number 04-0783 from the Joint
Committee on Powder Diffraction Standards (JCPDS). With an
average crystallite size of 18.01504 ± 4.03, the XRD pattern
showed that the biosynthesized AgNP had a crystalline struc-
ture. Debye Scherrer's equation was used to get the average
crystallite size.

The investigated bacterial strain produced a silver plane,
although silver was the primary crystalline phase. Additionally,
Fig. 7 XRD pattern of the biosynthesized AgNP.
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there were a few extra, unassigned peaks in the XRD examina-
tion. The crystalline biological components on the surface of
the nanoparticles or the chemical utilized in the synthesis
(silver nitrate) may be the cause of these unaccounted-for peaks.
Other AgNPs studies conducted elsewhere also show these
unidentied peaks in the XRD.103,123 Furthermore, the AgNPs'
comparable diffraction proles showed that the stabilizing and
reducing chemicals in the supernatants had fully reduced the
silver ions (Ag+) to (Ag0).123 According to the XRD examination,
the produced nanoparticle was crystalline and composed of
metallic silver. This outcome is consistent with previous
researchers' ndings.17,99 According to El-Saadony et al.,121 the
existence of face-centered cubic (FCC) of the crystalline AgNPs is
the cause of these distinctive XRD peaks.
3.11 RSM of TPH removal

The Box Behnken Design (BBD) and their responses for the
removal of TPH removal using biosynthesized P. aeruginosa–
AgNPs are shown in Table 4. The highest TPH removal of
99.02% using AgNPs synthesized from Pseudomonas aeruginosa
strain AgA (PAE) was recorded by Experimental run 17, which
was conducted at a temperature of 67.5 °C, a contact time of
35 min, a stirring speed of 1625 rpm and a dosage of 0.275 g.
This was higher than the predicted TPH removal of 98.98%. At
a contact time of 35 min, stirring speed of 875 rpm, dosage of
0.1625 g and temperature of 55 °C, Run 21 produced the lowest
TPH elimination of 90.57%, which was less than the predicted
92.06% using PAE. In Akl et al.,124 the TPH removal for bi-
osynthesized P. aeruginosa–AgNPs was higher compared to
chemically synthesized AgNPs, single-microbe degradation, and
physical adsorbents; it offered lower cost, enhanced biodegra-
dation, and reduced ecological toxicity. This nano-
bioremediation approach can boast of a superior catalytic–
biological synergy compared to algae-mediated AgNPs and
biochar-based stimulation in Saeed et al.125 for faster, cleaner,
and more sustainable crude-oil remediation.

One potential solution that is environmentally-friendly and
saves time, energy, and money is nanobioremediation.126 This
study examined the efficacy of several nanoadsorbent doses of
0.15625–0.3875, contact time (22.5–47.5 min), stirring speed
(875–1625 rpm) and temperature (42.5–67.5 °C) in removing
TPH from crude oil-contaminated water samples using
synthesized AgNP made with Pseudomonas aeruginosa strain
AgA (PAE). The maximum adsorption effectiveness of 99.02%
was shown by the results (Table 4). The surface area connected
to the accessible binding sites for adsorption may be the reason
for this AgNP's signicant % elimination of TPH.50 The experi-
mental run's values were within prediction error ± 10%, which
is very near to the expected responses. The biogenic AgNPs'
greater surface area and smaller size, along with the functional
groups affixed to their surface, may contribute to their potential
for quicker TPH degrading activity.127,128 These results are
consistent with those of Rasheed et al.,128 who employed bio-
logically and chemically produced AgNPs to break down dyes
and found that biogenic AgNPs exhibited a quicker degradation
trend. Biologically produced AgNPs' organic surface chemicals
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Experimental design and the response for TPH removal using biosynthesized P. aeruginosa–AgNPsa

Run

Factors
Response
(TPH removal) (%)

A: Contact time (mins) B: Stirring speed (rpm) C: Dosage (g) D: Temp (°C)

PAE

Actual Predicted

1 22.5 1625 0.275 55 98.82 99.44
2 22.5 1250 0.275 67.5 97.56 97.16
3 35 1250 0.1625 42.5 94.82 94.14
4 22.5 875 0.275 55 93.97 94.68
5 35 1625 0.1625 55 98.71 98.17
6 22.5 1250 0.1625 55 95.55 95.35
7 35 1250 0.1625 67.5 98.97 98.09
8 35 875 0.275 67.5 94.91 94.75
9 35 1250 0.275 55 96.95 95.73
10 35 875 0.3875 55 97.72 98.24
11 47.5 1250 0.1625 55 96.76 96.87
12 35 1250 0.275 55 97.05 95.73
13 47.5 1625 0.275 55 93.67 93.20
14 22.5 1250 0.3875 55 98.46 98.77
15 35 1625 0.275 42.5 93.76 93.65
16 22.5 1250 0.275 42.5 97.49 96.96
17 35 1625 0.275 67.5 99.02 98.98
18 47.5 1250 0.3875 55 91.32 91.94
19 47.5 1250 0.275 67.5 96.21 96.58
20 35 1250 0.3875 67.5 96.06 95.65
21 35 875 0.1625 55 90.57 92.06
22 47.5 875 0.275 55 95.99 95.61
23 35 1250 0.275 55 95.45 95.73
24 35 1625 0.3875 55 91.97 92.46
25 35 1250 0.3875 42.5 95.28 95.06
26 47.5 1250 0.275 42.5 91.98 92.23
27 35 875 0.275 42.5 95.77 95.54

a PAE = AgNPs synthesized using Pseudomonas aeruginosa strain AgA.
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also serve as capping agents, enhancing the NPs' activity.127 The
smaller size of the AgNPs may have contributed to PAE's
increased propensity for TPH degradation.

Table S4 provides a summary of the model t and lack of t
ndings. The design chose 2FI as the most suitable response
surface model for TPH removal utilizing the AgNP that was
under investigation. PAE had an adjusted R2 (0.8683), a pre-
dicted R2 of 0.7785, a standard deviation of 0.8705, and an R2 of
0.9190. Using the AgNP being studied, the 2FI model was
chosen for TPH degradation. According to Table S4, PAE's
standard deviation was 0.8705, its R2 was 0.9190, its adjusted R2

was 0.8683, and its predicted R2 was 0.7785. The obtained
determination coefficient (R2) of 0.9190 indicates that 91.90% of
the variability caused by the biosynthesized AgNP can be
explained by the model. The difference between the adjusted R2

value and the predicted R2 value for AgNP is less than 0.2. The
coefficient of determination (R2) is typically used to assess the
model's tness. A higher correlation between the experimental
and expected responses is indicated by an R2 value near 1 (Table
S4). A decent model's R2 should therefore fall between 0 and 1,
with the closer the R2 is to 1, the more t the model is.129

The signal to noise ratio is measured with adequate preci-
sion, and values higher than 4 are typically preferred.130
© 2026 The Author(s). Published by the Royal Society of Chemistry
According to Sarkar et al.,131 the PAE's suitable precision value
of 14.818 indicated a sufficient signal, suggesting that this
model may be utilized to traverse the design space. The
percentage of coefficient of variation (CV) reected the degree of
accuracy of the chosen model that the experiments were related
with; a high CV value suggested that the experiment was less
reliable. A low CV of 0.9093% for PAE in this investigation
suggested that the model experiments were more accurate and
reliable.132 These results showed a strong and positive rela-
tionship between the experiment and the statistical model.
Because the model matched the experimental data, it could be
utilized to generate predictions.

Table S5 displays the ANOVA ndings for the response
surface model. Using PAE, the ANOVA examined the impacts of
two factors at a time as well as the combined effects of two
factors (temperature, dosage, stirring speed and contact dura-
tion) on TPH elimination. While the lack of t for PAE was
0.6303, the P-value for the AgNP under examination was less
than 0.0001. For PAE, a high model F-value of 18.14 was
observed. The statistical ANOVA ndings for the response
showed that the model's F-values (Table S5) for PAE were 18.14,
indicating the model's signicance and the 0.01% probability
that an F-value this large could be caused by noise. Given that P-
RSC Adv., 2026, 16, 1212–1239 | 1227
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values less than 0.05 (p < 0.05) indicated that model terms were
signicant, the AgNP's P-value of < 0.0001 suggested that the
model was very signicant (Table S5). Lack of t for PAE yielded
a value of 0.6303. This demonstrated that it was not signicant
in relation to the pure error because the chosen model should
have a negligible lack-of-t.133 This shows that the model is
statistically correct, which is desirable. The effectiveness of the
AgNP (PAE) in removing TPH from crude oil-contaminated
water was taken into consideration when it was utilized inde-
pendently. The single effect and two-factor interaction revealed
that contact time (A), stirring speed (B) and temperature (D) had
a linearly signicant (p < 0.05) impact on TPH removal by PAE,
whereas dosage (D) had no signicant (p > 0.05) impact on TPH
removal using the AgNP under study. TPH removal using PAE
was signicantly impacted by the two-factor interaction of AB,
AC, AD, BC and BD, whereas CD had no discernible impact. In
contrast to the ndings of Abubakar et al.,50 who stated that the
removal of pollutants increased with an increase in dosage, the
result showed that a change in the amount of dosage (C) alone
did not signicantly affect the percentage of TPH removal by the
AgNP. It also showed that the proportion of TPH removed by the
AgNPs may not be greatly impacted by the dosage amount or
temperature (D).

The impact of a single variable on the elimination of TPH by
AgNPs made with Pseudomonas aeruginosa strain AgA (PAE) is
shown in Fig. S2. The impact of contact time on TPH removal is
depicted in Fig. S2a. Reducing contact duration has a signi-
cant (p < 0.0001) impact on the removal of TPH. The TPH
removal increases with decreasing contact time. The impact of
stirring speed on TPH removal is depicted in Fig. S2b. Stirring
speed had a substantial impact on the removal of TPH (p =

0.0334). At 875 rpm, the highest TPH removal (95%) was
recorded, and it gradually dropped as the stirring speed
decreased TPH removal was not signicantly impacted by the
Fig. 8 Response surface curves of % TPH removal by PAE. Key:
yellow to red. Statistics for TPH removal: Model: 2FI- p <0.0001, lack of fi
0.8683, A-contact time p < 0.0001, B-stirring speed p = 0.0334, C-dos
0.0002, AD: p = 0.0295, BC: p < 0.0001, BD: p = 0.0029, CD: p = 0.07

1228 | RSC Adv., 2026, 16, 1212–1239
dosage (p = 0.1492) (Fig. S2c). With a dosage of 0.1625 g, the
highest TPH removal of 96% was achieved. However, as the
dosage increased, the amount of TPH removed decreased.
Fig. S2d shows how temperature affects the removal of TPH.
Temperature had a substantial impact on TPH removal (p =

0.0003), and this effect increased as the temperature rose. At
67 °C, the highest TPH removal rate of 97% was achieved
(Fig. S2d).

When the other parameters were at their optimal levels, it
was demonstrated that contact duration inuenced the removal
of TPH for AgNP. Since the adsorbent's active binding sites
signicantly increased the efficacy of TPH removal in the early
stages, optimal TPH removal was observed within the rst
23 min for the adsorbent. This could be because the AgNP had
more vacant sites with numerous active functional groups. This
outcome is comparable to the ndings of Mandal et al.134 The
functional binding sites of the nanoadsorbents eventually
became saturated, leading to a continuous decline in TPH
removal over time and making the binding sites less effective.
The adsorption process was slowed down towards equilibrium
in the early stages of contact time due to the possibility of
absorbing a large number of unoccupied surface patches.135

TPH adsorption capacity for PAE was 97% at 23 min of contact
time. PAE was found to have rapid adsorption, which may be
attributed to its high surface area.50 Above all, because the
nanoadsorbents became saturated, the removal of the pollutant
decreased as the adsorption process progressed past the equi-
librium time.136 In line with the pattern from a prior investiga-
tion, a greater concentration of AgNPs did not always lead to the
elimination of more TPH.137 This is because a further increase
in the number of AgNPs would not facilitate the removal of the
hydrocarbons because the active sites on the biomolecules were
now completely occupied by silver ions, making it impossible
for the extra silver ions to bind to the biomolecules.
TPH removal (%) increases as colour graduates from blue to green to
t p-value = 0.6303, R2 = 0.9190, predicted R2 = 0.7785, adjusted R2 =

age p = 0.1492, D-temperature p = 0.0003, AB: p = 0.0008, AC: p =

08.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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The three-dimensional (3D) plots and response surface
curves (RSC) of the interactive effects of independent variables
on the removal of TPH by AgNPs produced with Pseudomonas
aeruginosa strain AgA (PAE) are shown in Fig. 8 and 9 illustrates
the 3D Plots of the interactive effects of independent variables
on TPH Removal by the synthesized AgNP (PAE). The AgNP was
signicant (p < 0.0001), the two-factor interaction (2FI) model
had a non-signicant (0.6303) lack of t. The model's predicted
R2 was 0.7785, adjusted R2 was 0.8683 and R2 was 0.9190. The
coefficient of variation (CV%) was 0.9093. Two factors were
varied while the others were kept constant. The RSC's increased
TPH removal was indicated by the colour gradient, which went
from blue to green to yellow to red. With the exception of
dosage, all other variables (contact time, stirring speed and
temperature) had a signicant (p < 0.05) impact on TPH elimi-
nation for all interactions (as indicated by the RSC).

The RSC and contour plot of the effect of contact time and
stirring speed on the removal of TPH by AgNPs made with
Pseudomonas aeruginosa strain AgA (PAE) are shown in Fig. 8a.
The relationship between stirring speed and contact time had
a substantial (p = 0.0008) impact on the elimination of TPH
with a contact time of 25.5 min and a stirring speed of
1525 rpm, the maximum TPH removal of approximately 99%
was recorded; with a contact time of 45.5 min and a stirring
speed of 1375 rpm, the minimum TPH removal of about 94%
was noted. The elimination of TPH by AgNP made with Pseu-
domonas aeruginosa strain AgA (PAE) was signicantly impacted
by the two-factor interaction between dosage and contact
Fig. 9 3D plots showing interactive effects between the variables on TP
aeruginosa strain AgA. % TPH Removal (PAE) = +60.30991 + 0.414009 c
Temp − 0.00038 contact time * stirring speed −1.48444 contact time *

dosage + 0.000326 stirring speed * Temp − 0.599111 dosage * Temp.

© 2026 The Author(s). Published by the Royal Society of Chemistry
duration (p= 0.0002) (Fig. 8b). At 24.5 min and 0.3375 g (the red
zone), the maximum TPH removal of 98% was achieved, while
at 40.5 min and 0.2925 g, the lowest TPH removal of 94% was
recorded. The removal of TPH by AgNPs made using Pseudo-
monas aeruginosa strain AgA (PAE) was signicantly impacted by
the interaction of temperature and contact time, as seen in
Fig. 8c (p = 0.0295). The lowest removal of TPH, 93%, was
achieved at 45.5 °C and 43.5 min while the maximum removal,
97%, was achieved at 47.5 °C and 29.5 min of contact time. The
interaction between stirring speed and dosage produced the
lowest TPH removal (94%) at 1075 rpm and dosage of 0.2325 g,
and the highest TPH removal (98%) at 1425 rpm and 0.2125 g
(the red shade) (Fig. 8d). This interaction was found to have
a signicant (p < 0.0001) impact on the removal of TPH.
Signicant (p = 0.0029) effects on the removal of TPH were
observed from the interaction between temperature and stirring
speed. At a temperature of 63 °C and a stirring speed of
1425 rpm, the red zone achieved the highest TPH removal of
98%. In contrast, at 1500 rpm and 44.5 °C, the lowest TPH
removal of 94% was recorded. TPH removal was improved by
raising the temperature and decreasing the stirring speed, and
vice versa (Fig. 8e). There was no discernible (p= 0.0708) impact
of the temperature-dosage interaction on TPH removal. It was
found that while TPH removal reduced with increasing dosage,
it increased with increasing temperature. The lowest TPH
removal (95%) occurred at a dosage of 0.3725 g and at
a temperature of 48 °C, while the highest TPH efficiency (97%)
was noted at 0.2525 g and at 60.5 °C (Fig. 8f).
H removal by PAE. Keys: PAE-AgNPs synthesized using Pseudomonas
ontact time + 0.019628 stirring speed + 184.41037 dosage − 0.385338
dosage + 0.006656 contact time * Temp − 0.082311 stirring speed *

RSC Adv., 2026, 16, 1212–1239 | 1229
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The interaction between temperature and contact duration
showed that TPH removal was high when using PAE at a higher
temperature and a shorter contact time. The improved TPH
removal may have resulted from the AgNP's faster chemical
precipitation rate in water at higher temperatures, which
occurred in a shorter time.138 Likewise, it may be related to the
enhanced mobility of free electrons, which accelerated the rate
of reaction. This aligns with the results of earlier studies.139 It
was found that TPH removal increased with an increase in
adsorbent dosage at a shorter time using PAE, indicating that
the contact time–dosage interaction had a signicant impact on
the adsorption capacity. This may be explained by the adsor-
bent's larger surface area and increased number of adsorption
sites, which enhance the elimination of TPH.140 With an
increase in adsorbent dosage for the same quantity of adsorbate
molecules, the existence of more adsorption sites may also be
responsible for the rise in removal effectiveness.134 The ndings
have shown that raising the temperature enhanced the
adsorption capacity, which, when employing PAE, rose to 97%
at 60.5 °C. However, in the temperature-dosage interaction, the
AgNP's adsorption capacity decreased as the adsorption dosage
increased. The decrease in solution viscosity and the increase in
the kinetic energy of the hydrocarbon molecules to efficiently
make contact with the active sites of the nanoadsorbents
through diffusion to the interior pores and across the boundary
layer may be the cause of the observed increase in TPH
adsorption with increasing temperature.141

The quantitative prediction result of the reaction from
optimal parameters (temperature, adsorbent dosage, stirring
speed and contact time) is shown in Fig. S3. The AgNP removed
the TPH with the best projected values for the following factors:
temperature (67.5 °C), dosage (0.3206 g), stirring speed (1620
rpm/100 mL), and contact time (22.5 min/100 mL). The
dependent variable produced a 99.98% response. On the other
hand, the entire model achieved a desirability of 99.40%. The
ideal experimental conditions for the removal of hydrocarbons
by biosynthesized AgNPs were determined to be at a tempera-
ture of 67.5 °C, a stirring speed of 1620 rpm, a contact time of
22.5 min, a dosage of 0.3206 g, and seeking 27 starting points in
the response surface changes (Fig. S3). The experiment was
repeated under ideal conditions to determine the ideal
parameters, which is consistent with the ndings of Olatunji
et al.142 Using AgNPs synthesized by Pseudomonas aeruginosa
strain AgA (PAE), the corresponding maximum response (%
TPH removal) of the dependent variable was 99.98%. The esti-
mated function's desirability of 0.994 suggested that it might
represent the experimental model and the desired conditions.
The adsorbent's maximum capacity revealed a large adsorption
capacity for the hydrocarbons. In this investigation, the opti-
mized conditions matched the expected response value, as
indicated by the desirability value of 0.994 (99.4%) recorded.

The soware's recommended predicted value for the
response (characteristic) was equivalent to the experimental
value obtained, and these values could be utilized to optimize
TPH removal, as validated by the optimal formulation for the
generated AgNP (Table S6). The actual (experimental) value and
the predicted value differed by a very small percentage, with
1230 | RSC Adv., 2026, 16, 1212–1239
a change of 1.22%. A signicant correlation was indicated
between the AgNP under study and the response variable by the
validation table, which shows the correlation between the
experimental and predicted values for TPH degradation by the
AgNP. Both values were strongly and positively correlated (Table
S6). The predicted model and optimal conditions may be
applied to hydrocarbon degradation, as the experimental and
predicted values of RSM for TPH removal are identical.
3.12 Chromatogram of the hydrocarbons

3.12.1 Chromatogram of the hydrocarbons extracted from
the untreated composite water sample. Fig. S4 displays the
chemical compounds that were eluted from the untreated crude
oil-contaminated composite water sample during the gas
chromatography study. Table 5 provides a summary of the
substances found in the water sample along with their
percentage composition. A total of seventy (70) hydrocarbons
(ranging from C4 to C44) were conrmed by a GC-MS analysis.
Among these substances were methoxyacetic acid, dibutyl
phthalate, benzene and straight-chain alkanes (nonane,
pentadecane, and tridecane). The water sample also contained
cyclic chemicals, including phenol, annulene, phenanthrene,
and naphthalene derivatives. Compounds such as benzene,
dibutyl phthalate, and methoxyacetic acid were also identied.
Nonetheless, a number of branched-chain hydrocarbons
dominated. Additionally, the chromatogram's hop was typical
of crude oil bases that contain many unresolved complex mixes
(UCM).

The ndings indicated that the C30 component was present
in the surface water (Fig. S5). Edori et al.74 made a similar
observation from the Edagberi River in the Niger Delta, Nigeria,
suggesting that the compound's hydrophilic nature may be the
cause of its existence. The presence of C10, C11, C22, C28 and C30

in the water may also result from river-related disturbances and
ow patterns.74 Similar to the ndings of Sharma et al.,143 cyclic
chemicals, including derivatives of naphthalene, phenan-
threne, phenol and annulene, were also found in the water
sample. These substances are extremely harmful, mutagenic
and carcinogenic to both people and other living things.144

3.12.2 Chromatograms of the hydrocarbons extracted from
water samples treated with the biosynthesized AgNPs. Fig. S5
displays the chromatogram of the hydrocarbons isolated from
the water samples treated with the biosynthesized AgNP and
Table 6 provides the chemicals that were present. The ndings
demonstrated that the AgNPs had broken down the majority of
the chemical compounds found in the untreated crude oil-
polluted water sample, since most of these components were
conspicuously absent from the nanobiodegraded samples. This
was demonstrated by the fact that the number of peaks found in
the treated water samples decreased to six (6). When compared
to the untreated sample, the peak area of some chemical
components also declined. The nanobiodegraded samples
included low amounts of a number of chemicals and degrada-
tion intermediates, primarily organic acid and ester groups.

The chromatograms (Fig. S5) showed that the samples that
the AgNPs worked upon had lower levels of total petroleum
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Hydrocarbons identified in the untreated crude oil-contaminated composite water sample collected from communities of Jones Creek
oil fielda

PK Compound Formula RT Area (%)

1 1,3,5-Triazabicyclo[3.2.1]octane C5H11N3 3.782 0.21
2 1,2-Dimethylpyrrolidine C6H13N 4.291 0.34
3 Pentadecane C15H32 6.177 0.92
4 2,6,10-Trimethyltridecane C16H34 7.771 0.39
5 Tridecane C13H28 8.429 1.00
6 N-[3-[N-Aziridyl]propylidene]tetra C10H21N3 10.200 0.27
7 Tetradecane C14H30 10.823 0.96
8 1-Octadecanesulphonyl chloride- C18H37ClO2S 12.241 0.39
9 Nonane C9H20 13.247 0.28
10 N-Methyl-3-piperidinecarboxamide C7H14N2O 14.470 0.34
11 Hexadecane C16H34 15.881 0.97
12 Methoxyacetic acid C3H6O3 17.367 1.10
13 Octadecyl ester C36H72O2 17.996 0.23
14 2,6,10,14-Tetramethyl pentadecane C19H40 18.899 5.64
15 11,13-Dimethyl-12-tetradecen-1-olacetate C18H34O2 19.459 0.46
16 Triacontyl heptauorobutyrate C34H61F7O2 19.756 0.52
17 2-Dodecen-1-yl(−)succinic anhydride C16H26O3 20.168 0.51
18 Hexadecane,2,6,10,14-tetramethylHeptadecane C21H44 20.934 6.66
19 1-Eicosene 2(1H)-Naphthalenone C10H8O 21.454 1.84
20 Dibutyl phthalate C16H22O4 21.905 2.62
21 Octadecane, 3-methyl- decane C19H40 22.202 3.32
22 2-Methyl-Z-4-tetradecene C15H30 22.391 0.37
23 1,7,11-Trimethyl-4-(1-methylethyl) cyclohexane C20H40 22.768 1.00
24 Disulde, di-tert-dodecyl C24H50S2 23.40 2.15
25 n-Nonenylsuccinic anhydride C13H20O3 23.574 1.38
26 Phosphine sulde C8H11PS 23.980 1.03
27 Nonadecyl heptauorobutyrate C23H39F7O2 24.186 0.23
28 Cyclotetradecane C14H28 24.506 2.38
29 Tetratetracontane C44H90 24.700 2.73
30 Triacontyl pentauoropropionate C33H61F5O2 25.094 2.17
31 Cyclopropane carboxamide C4H7NO 25.272 0.22
32 2-Methylallyl undecyl ester C19H34O4 25.494 2.14
33 2,5-Furandione C4H4O3 25.712 1.11
34 2,6,10,14-Tetramethyl-7-(3-methylpent-4-enylidene) pentadecane C25H48 25.957 2.36
35 3-Dodecyl- docosane C22H46 26.140 2.32
36 Tricosane C23H48 26.906 1.87
37 2-Methyl-cis-7,8-epoxynonadecane C20H40O 27.089 1.05
38 11,13-Dimethyl-12-tetradecen-1-ol C18H34O2 27.089 1.20
39 2,6,10,14-Tetramethyl-7-(3-methylp ent-4-enylidene) pentadecane C25H48 27.386 1.20
40 Cyclohexane, 1-(1,5-dimethylhexyl) -4-(4-methylpentyl) C20H40 27.535 7.11
41 (1R,2R,8S,8Ar)-8-hydroxy-1-(2-hydr oxyethyl)-1,2,5,5-tetramethyl-cis decalin C16H30O2 28.198 1.60
42 2-Methyl-7-hydroxy-8-allyl-isoavone C13H12O 28.564 5.13
43 2,6,10,14-Tetramethyl-7-(3-methylp ent-4-enylidene) pentadecane C25H48 29.078 1.97
44 Heptadecyl propargyl ester C14H20O 30.164 1.70
45 Butanamide, 3-(3-uorobenzoylhydrazono)-N-(4-uorobenzyl) C11H15FN2O 30.524 1.92
46 3,7-Decadiyne, 2,2,5,5,6,6,9,9-oct amethyl C18H30 30.718 0.67
47 Decahydro-8a-ethyl-1,1,4a,6-tetra methylnaphthalene C16H30O2 31.067 1.47
48 3-Ethyl-4,6-dimethyl-2,6-dioxo-4,5,6,7-tetrahydro-1,2,3-triazolo[4,5-d]pyrimidine C17H10ClF3N2 31.496 1.00
49 D-Homoandrostane, (5.alpha.,13.alp ha.) C20H34 32.004 0.88
50 2-(4-Fluoro-phenyl)-4-(3-methyl-benzylidene)-4H-oxazol-5-one C16H11NO2 32.216 0.55
51 1-Methyl-4-(1-methylethyl)-3-[1-methyl-1-(4-methylpentyl)-5-methylheptyl]cyclohexene C14H22O 32.524 1.14
52 5-Butyl-6-hexyloctahydro (2Z,4E)-3,7,11-trimethyl-2,4,10-dodecatriene C15H26 32.679 0.47
53 Isoxazole, 4-(4-uorobenzoyl)-5-m ethyl-3-phenyl decahydro-8a-ethyl-1,1,4a,6-tetra

methylnaphthalene
C12H9F3N2O2 33.050 2.00

54 1H-Indene, 5-butyl-6-hexyloctahydro isoxazole, 4-(4-uorobenzoyl)-5-m ethyl-3-phenyl C19H36 33.387 0.45
55 28-Nor-17.alpha.(H)-hopane 17.alfa.,21.beta.-28,30-bisnorhopane C29H50 33.530 0.82
56 Phenanthrene C14H10 34.130 2.55
57 Cyclobarbital C12H16N2O3 34.599 0.63
58 1,2,5-Oxadiazol-3-amine C2H3N3O 34.988 1.46
59 (E)-2-Bromobutyloxychalcone C19H19BrO2 35.370 0.47
60 Ethyl 2-(2-chloroacetamido)-3,3,3- triuoro-2-(4-uoroanilino) propionate C13H13ClF4N2O3 35.753 0.71
61 Benzamide C7H7NO 35.931 2.30

© 2026 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2026, 16, 1212–1239 | 1231
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Table 5 (Contd. )

PK Compound Formula RT Area (%)

62 5-Methyl-2-phenylindolizine C15H13N 36.559 0.25
63 2,3-Dihydroxy-6-nitroquinoxaline C8H5N3O4 36.788 0.29
64 6-Fluoro-2-triuoromethylbenzoic acid C15H6Cl2F4O3 37.022 1.39
65 2,4,5-Trichlorophenyl ester C13H7Cl3O2 37.274 2.14
66 Tris(trimethylsilyl) ester C9H27AsO3Si3 38.051 0.32
67 (E)-2-Bromobutyloxychalcone C19H19BrO2 39.148 0.43
68 1,2-Benzisothiazol-3-amine C7H6N2S 39.394 0.46
69 Tris(tert-butyldimethylsilyloxy) arsane C18H45AsO3Si3 40.886 0.24
70 Benzo[h]quinolone C13H9N 41.303 0.30

a PK = Peak number, RT = Retention time.

Table 6 Hydrocarbons identified in the biodegraded composite water sample treated with biosynthesized AgNPa

PK Compound Formula PT Area

1 2-Butenedioic acid (Z)-, dibutyl ester C12H20O4 8.506 8.78
2-Butenedioic acid (Z)-, dibutyl ester C12H20O4

1,4-Dioxaspiro [4.6] undec-7-ene C9H14O2

2 1,2-Benzenedicarboxylic acid, bis(2-methylpropyl) ester C16H22O4 12.106 77.00
1,2-Benzenedicarboxylic acid, bis(2-methylpropyl) ester C16H22O4

Phthalic acid, isobutyl octyl ester C20H30O4

3 Phthalic acid, 1-tert-butoxyprop-2-yl isobutyl ester C19H28O4 13.072 3.73
Phthalic acid, 1-tert-butoxyprop-2-yl butyl ester C19H28O4

Phthalic acid, isobutyl 5-methoxy-3-methylpent-2-yl ester C18H22O5

4 Bis(2-ethylhexyl) phthalate C24H38O4 18.027 3.75
Diisooctyl phthalate C24H38O4

Bis(2-ethylhexyl) phthalate C24H38O4

5 Nonyl tetradecyl ether C23H48O 18.479 3.21
Dodecyl nonyl ether C21H44O
1-Octadecanesulphonyl chloride C18H37CLO2S

6 Eicosyl isopropyl ether C23H48O 19.228 3.53
2-Methyltetracosane C25H52

Tetratetracontane C44H90

a PK = peak number, RT = retention time.
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hydrocarbon (TPH). This nding validated the biosynthesized
AgNP's capacity to degrade several crude oil compounds found
in the water that was polluted. Numerous alkanes (C10–C44),
including both long chain alkanes [heneicosane (C21), n-doco-
sane (C22), n-heptacosane (C27), hexatriacontane (C36), and
tetratetracontane (C44)] and short chain alkanes [n-decane
(C10), n-undecane (C11), dodecane (C12), n-hexadecane (C16),
heptadecane (C17), and n-nonadecane (C19)] that were present in
the untreated sample were broken down to their derivatives or
the concentration was attenuated or completely degraded by the
bacterially produced AgNP (Tables 5 and 6). Similar to the
ndings of Ndekhedehe et al.,145 other aromatic hydrocarbons
were also present (benzamide, (E)-2-bromobutyloxychalcone, 5-
methyl-2-phenylindolizine, and 1-eicosene 2(1H)-naphthalen-
one), along with some polycyclic aromatic hydrocarbons
(phenanthrene, benzo[h]quinolone), which were found to have
decreased following remediation. These organic compounds
are typically hydrophobic in nature due to the presence of two or
more benzene rings, which makes them resistant to structural
1232 | RSC Adv., 2026, 16, 1212–1239
degradation.146 The success of this study may therefore be
attributed to the nanobioremediation technique.92
3.13 Mechanistic degradation of hydrocarbon using
biosynthesized AgNP

Biosynthesis of P. aeruginosa-mediated silver nanoparticles for
remediation of crude oil-contaminated water follows a coupled
biological and physicochemical degradation mechanism. When
Pseudomonas aeruginosa-mediated silver nanoparticles are intro-
duced into crude-oil-contaminated water, these biogenic AgNPs
enhance degradation through both catalytic and synergistic
microbial pathways. These nanoparticles have strong electron-
shuttling capabilities to accelerate the oxidative cleavage of
long-chain hydrocarbons. Their large specic surface area facil-
itates adsorption of aliphatic and aromatic hydrocarbons,
offering increased contact between the contaminant and degra-
dative enzymes secreted by P. aeruginosa. Simultaneously, AgNPs
stimulate bacterial membrane permeability at sub-lethal
concentrations and up-regulate hydrocarbon-degrading
© 2026 The Author(s). Published by the Royal Society of Chemistry
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enzymes. These enzymes oxidize hydrocarbons in a sequential
manner, which transforms them into alcohols, aldehydes, and
carboxylic acids; these are further mineralized via b-oxidation
and the tricarboxylic acid cycle into CO2 and H2O. The biogenic
AgNPs further produce low levels of ROS, which stimulate partial
oxidation and fragmentation of high-molecular-weight fractions
of crude oil, hence transforming recalcitrant compounds into
intermediates more amenable to biodegradation. The capping
molecules on the surface of AgNP enhance emulsication
through reduction of interfacial tension, which favors breakdown
of hydrophobic crude oil droplets into smallermicelles accessible
to microbial cells. These processes collectively lead to a syner-
gistic catalytic–biodegradation system wherein the nanoparticles
accelerate initial physicochemical breakdown while P. aeruginosa
accomplishes metabolic mineralization.

4 Conclusion

This study demonstrates that P. aeruginosa strain AgA is an
efficient hydrocarbon-degrading bacterium capable of medi-
ating the green synthesis of silver nanoparticles for effective
crude-oil pollution remediation. Total petroleum hydrocarbons
were found to be present in high concentrations in the water
samples obtained from the Jones Creek oil Field communities,
with mean values ranging from 6.55 ± 0.91 to 2324.36 ±

4.23 mg L−1. The analysis of the physicochemical parameters
also showed that the water samples were contaminated. From
the water contaminated by crude oil, nine (9) bacterial species
were identied, characterized and screened for their ability to
degrade crude oil. The microorganisms that degraded bonny
light crude oil at different rates were identied as Pseudomonas
aeruginosa, Pseudochrobactrum asaccharolyticum, Bacillus mega-
terium, Micrococcus luteus, Bacillus subtilis, Escherichia coli,
Bacillus cereus, Macrococcus caseolyticus and Bacillus thur-
ingiensis. The bacterial isolate that demonstrated high growth
and the ability to degrade petroleum was further identied
using molecular techniques such as Pseudomonas aeruginosa
strain AgA and was used for the extracellular synthesis of AgNPs,
which was initially veried by visual observation and charac-
terized by UV-vis spectroscopy, XRD, HRTEM and EDS analyses.
The distinctive plasmon absorption peak for AgNPs was visible
in the UV-vis spectra at 425 nm. The resulting nanoparticle had
a spherical form, was polydispersed and had an average crys-
tallite size of 18.01504 ± 4.03 nm with a particle size distribu-
tion of 34.60 ± 13.04 nm. The existence of elemental silver and
the crystalline form of the AgNP were conrmed by the strong
signals in the silver region of the EDS and XRD spectra. The 2FI
model for the AgNP was chosen aer TPH removal was designed
and optimized using response surface methodology. Based on
a P-value of <0.05, the ANOVA analysis demonstrated that both
the model and its terms were signicant. It was discovered that
the following parameters were ideal for the AgNP to remove the
most TPH: 22.5 min of contact time, 1620 rpm of stirring speed,
0.3206 g of dosage and 67.5 °C of temperature. AgNP synthe-
sized using Pseudomonas aeruginosa strain AgA (PAE) yielded an
optimal TPH removal effectiveness of 99.98% under the opti-
mized conditions. At a desirability value of 0.994 (99.4%), the
© 2026 The Author(s). Published by the Royal Society of Chemistry
response value was very similar to the experiment value under
the best conditions suggested. The experimental results veried
that the model chosen was a promising innovation in lowering
hydrocarbons and other harmful pollutants in water samples
from the creeks of the Niger Delta and similar ecosystems
elsewhere, and that all the factors examined were signicant for
the variable response.
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