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a b s t r a c t

This study compares the crude oil removal efficiency of free and biosurfactant-producing bacterial
consortia (Bacillus tequilensis NR_104919 and Bacillus axarquiensis NR_115929) entrapped in chitosan
(CH), chitosan/glutaraldehyde (CH/GA), and chitosan/Na-bentonite (CH/BNT) matrices. Additionally, the
mechanical and thermal stability, swelling capacity, surface morphology, and chemical bonding of these
composites were evaluated. Initially, the biosurfactant produced by the consortiumwas identified using
screening methods, and its lipopeptide structure was confirmed through TLC and 1H NMR analyses, with
a yield of 0.2 g/L. Following characterization, the biosurfactant-producing bacterial consortium was
immobilized onto CH, CH/GA, and CH/BNT beads for further assessment. When comparing the oil
removal capacities of the composites, the consortium immobilized in the CH/BNT matrix exhibited
significantly higher crude oil removal efficiency than those entrapped in CH, CH/GA, and the free
consortium. The maximum oil removal by the CH/BNT-entrapped consortium was achieved under
optimized conditions: 0.5 mL crude oil, 0.1 g Na-bentonite, pH = 6.0, at 35 ◦C, over a 7-day incubation
period. However, a decline in oil remediation performance was observed from the fourth reuse cycle
onward. These laboratory-scale findings were further validated through ex-situ simulation and long-
term experiments, confirming the potential of the CH/BNT composite for effective and sustainable
petroleum pollutant remediation. The swelling capacity of inactivated CH was comparable to that of the
CH/BNT composite, with both exhibiting greater swelling than CH/GA beads. Additionally, CH/BNT beads
demonstrated superior mechanical stability relative to CH and CH/GA, which showed similar stability
profiles. Thermal stability, surface morphology, and chemical bonding of the CH, CH/GA, and CH/BNT
composites were characterized using TGA, FT-IR, and SEM analyses. CH/BNT composite represents an
effective, economical, and environmentally benign alternative to costly synthetic materials for the
remediation of oil pollution in aquatic environments. This study highlights the potential of chitosan/Na-
bentonite-based composites as sustainable solutions for petroleum pollutant removal, while recom-
mending pilot-scale investigations to assess their feasibility and performance under real-world
conditions.
© 2025 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This

is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

The accelerating pace of industrial, agricultural, and municipal
development, coupled with unprecedented global population
growth, has significantly elevated the global demand for petro-
leum, which is projected to reach 100.90 million barrels per day.
This growing demand has intensified petroleum industry opera-
tions, including exploration, transportation, and processing activ-
ities, which are frequently associated with oil spills caused by
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pipeline ruptures, refinery discharges, and improper storage or
handling of petroleum derivatives. These incidents constitute
major sources of petroleum hydrocarbon pollution, posing severe
risks to both marine and terrestrial ecosystems as well as to hu-
man health. Once released into the environment, spilled oil un-
dergoes complex physical and chemical transformations that
result in contamination of water sources and the development of
unpleasant tastes and odors in drinking water. Moreover,
increasing oil pollution from sectors such as food processing,
catering, and crude oil extraction has emerged as an environ-
mental concern, highlighting the urgent need for sustainable
pollution management and remediation strategies (Chettri et al.,
2021; Eweida et al., 2023; Khandelwal et al., 2022; Luo et al.,
2021; Mekonnen et al., 2024; Singha and Pandey, 2021). Tradi-
tional mechanical, physical, and chemical remediation methods
are often neither cost-effective nor environmentally sustainable.
Moreover, these approaches can produce harmful by-products that
pose risks to public health and the environment (Khandelwal et al.,
2022; Mekonnen et al., 2024; Singha and Pandey, 2021). In
contrast, bioremediation has gained recognition as an effective,
eco-friendly, sustainable, and cost-efficient approach. It enables
the biological conversion, disintegration, detoxification, or trans-
formation of harmful organic contaminants, including industrial
effluents, heavy metals, xenobiotic compounds, organic halogens,
pesticides, and chlorinated compounds in wastewater and soil
environments (Aragaw, 2021; Kuppan et al., 2024; Mekonnen
et al., 2024; Sayara and S�anchez, 2020; Sharma, 2020). Various
microorganisms, including bacteria, fungi, and some algae, as well
as plants or their metabolites like enzymes, can completely
mineralize environmental pollutants into carbon dioxide, water,
inorganic compounds, cell proteins, and simple organic molecules
(Ali et al., 2020; Das and Chandran, 2011; Huang et al., 2019; Jabbar
et al., 2022; Khandelwal et al., 2022; Luo et al., 2021; Mekonnen
et al., 2024; Parach et al., 2017; Safdari et al., 2017; Spini et al.,
2018; Sohail and Jamil, 2019). However, individual bacterial
strains often face challenges such as competition with native mi-
crobes, antibiotic pressures, environmental fluctuations, and pre-
dation, which limit their bioremediation potential (Juhanson et al.,
2009; Khandelwal et al., 2022; Siles and García-S�anchez, 2018). To
overcome these limitations, bacterial consortia composed of
diverse strains with complementary metabolic pathways offer
greater robustness and stability, thereby enhancing crude oil
degradation under variable conditions (Hazaimeh et al., 2014).
However, the biological activity of microorganisms is significantly
influenced by various environmental factors, including energy
sources, bioavailability, oxygen and nutrient availability, pH,
temperature, crude oil characteristics, and soil type; all of which
play critical roles in determining the success of petroleum hy-
drocarbon remediation (Mekonnen et al., 2024). One of the main
challenges limiting the effectiveness of biodegradation, particu-
larly in the context of crude oil remediation, is the inherent low
aqueous solubility, non-polarity, and hydrophobic nature of crude
oil. These physicochemical properties restrict the bioavailability of
hydrocarbons to microorganisms, thereby impeding their degra-
dation. To address this limitation, the use of non-toxic surfactants
is essential as they enhance the solubility and bioavailability of
crude oil components (Khandelwal et al., 2022; Partovinia and
Rasekh, 2018). Surfactants are classified into two main groups:
(i) chemical surfactants originating from petrochemical or oleo-
chemical sources, and (ii) biosurfactants, which are heterogeneous
amphiphilic compounds synthesized either as part of the micro-
bial cell membrane or secreted extracellularly by microorganisms.
Among these, biosurfactants are considered more effective and
cost-effective than their chemical counterparts, primarily due to
their low critical micelle concentration (CMC). Additionally,

biosurfactants offer significant advantages, including environ-
mental compatibility, biodegradability, low toxicity, ecological
safety, cell specificity, high activity, and relative ease of synthesis
and extraction (Batool et al., 2017; Jabbar et al., 2022; Sohail and
Jamil, 2019). Biosurfactant facilitates the bioremediation effec-
tiveness of microbial strains through the following mechanism: (i)
increasing the bioavailability hydrophobic substrate for microbial
strains, (ii) facilitating the adhesion and de-adhesion of bacterial
strains to hydrophobic substrates, (iii) promoting micellization,
leading to pollutant desorption (Gaur et al., 2021; Jabbar et al.,
2022). Biosurfactants have multifunctional applications in the
petroleum and gas industries, including cleaning up oil spills,
removing sludge from petroleum tanks, and improving petroleum
quality. In addition to oily sludge treatment and oil spill remedi-
ation, they also show significant potential for remediating heavy
metal pollution, pesticide contamination, and cleaning oil reser-
voirs. Although biosurfactants are a promising alternative to
chemical surfactants in bioremediation within the petroleum in-
dustry, they may be less effective at high pollutant concentrations
(De Almeida et al., 2016; Eraqi et al., 2016; Gaur et al., 2021; Sohail
and Jamil, 2019). Therefore, future research should prioritize the
development of cost-effective biosurfactant production methods
that not only achieve higher yields but also mitigate the detri-
mental impacts of environmental fluctuations. One promising
strategy to enhance both the stability and productivity of
biosurfactant-producing microorganisms is microbial immobili-
zation (Thio et al., 2022).

The immobilization of microbial cells offers protection against
extreme environmental conditions and toxic compounds, en-
hances cellular stability, and mitigates risks associated with
contamination. This process shields microorganisms from envi-
ronmental stresses, toxicity from co-contaminants, competition
with native microbial populations, and predation, thereby
improving their survival and overall bioremediation efficiency
(Berillo et al., 2021; Mehrotra et al., 2021; Mekonnen et al., 2024;
Partovinia and Rasekh, 2018; Siles and García-S�anchez, 2018).
Additionally, immobilization reduces labor costs and facilitates the
reuse of microbial cells, rendering the bioremediation process
more economical (Wahba, 2017). Common immobilization tech-
niques include the entrapment and encapsulation of microor-
ganisms within polymeric matrices, as well as their attachment to
solid supports (Berillo et al., 2021; Partovinia and Rasekh, 2018). In
the context of oil spill remediation, sorbent materials have
emerged as effective agents due to their cost-efficiency and min-
imal environmental impact (Eweida et al., 2023). Ideal sorbents
exhibit properties such as high hydrophobicity and oleophilicity,
rapid sorption rates, substantial uptake capacity, low water
retention, insolubility, buoyancy, and affordability. Both natural
polymers including dextran, agar, agarose, alginate, chitosan,
collagen, seaweed, dead mushroom biomass, rice hulls, and lignin
and synthetic polymers such as polyacrylamide, polyvinyl alcohol,
polyethylene glycol, polycarbamoyl sulfonate, polypropylene,
polyethylene, polyvinyl chloride, polyurethane, and poly-
acrylonitrile are widely employed to fabricate carriers that are
inexpensive, non-toxic, and possess reactive functional groups
(Berillo et al., 2021; Eweida et al., 2023; Khandelwal et al., 2022;
Mehrotra et al., 2021; Partovinia and Rasekh, 2018). Natural car-
riers are preferred for bacterial cell immobilization due to their
non-toxic and eco-friendly nature consequently, natural adsor-
bents such as bentonite, lignin, chitosan, and biochar have
garnered significant research interest in recent years (Hazaimeh
et al., 2014; Zhu et al., 2023).

Chitosan, a linear polycationic heteropolysaccharide
biopolymer composed of glucosamine and N-acetylglucosamine
residues linked by β-(1→4) glycosidic bonds, is easily obtained
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through the deacetylation of chitin (Eweida et al., 2023). It exhibits
favorable physical and biological properties for microorganism
accumulation, including biocompatibility, non-toxicity, low
immunogenicity, biodegradability, and ease of chemical modifi-
cation, rendering it an ideal biopolymer for microbial immobili-
zation (Khondee et al., 2015; Luo et al., 2021; Zhu et al., 2023).
Nonetheless, chitosan exhibits certain limitations that constrain
its practical use as an adsorbent, such as a relatively low surface
area, high solubility in acidic environments, and chemical insta-
bility. Furthermore, chitosan beads often exhibit mechanical
weakness due to their inherently soft structure, making them
susceptible to fragmentation under mechanical stress, particularly
in large-scale applications, which limits their practical utility
(Wahba, 2017; Yang et al., 2024). To overcome these challenges,
chitosan beads can be chemically activated using crosslinking
agents such as glutaraldehyde or combined withmaterials like Na-
bentonite to enhance their properties (Cengiz et al., 2012; Kaushal
et al., 2018). Specifically, immobilizing bentonite onto a carrier
with suitable size and sorption capacity improves both the me-
chanical stability of the composite beads and their oil removal
efficiency, thereby overcoming key limitations associated with
chitosan-based adsorbents (Wang et al., 2019). Clay minerals have
been extensively utilized across various applications due to their
high cation exchange capacity, swelling ability, large specific sur-
face area, and consequently strong adsorption properties (Xi et al.,
2010). Bentonite, primarily composed of montmorillonite, is a
natural porous clay mineral characterized by a crystal structure
consisting of an aluminum octahedral layer sandwiched between
two silica tetrahedral layers. Its flakymorphology, moderate cation
exchange capacity, and reactive hydroxyl groups on the surface
contribute to its widespread use, particularly in the bleaching of
edible and mineral oils. Owing to its abundance and low cost,
bentonite finds applications in diverse sectors such as mineral oil
refining, paints, cosmetics, and pharmaceuticals (Abulimiti et al.,
2023; Belousov et al., 2021; Chen et al., 2020; Khodabakhshloo
et al., 2021). Additionally, bentonite serves as a binder, adsorbent
especially in drilling mud and filler (Abulimiti et al., 2023;
Alexander et al., 2019; Dotto et al., 2021; Kim et al., 2020).
Recent studies have highlighted sodium bentonite's strong
adsorption capacity for toxicmetals and dyes, attributed to its high
cation exchange capacity and large specific surface area. Moreover,
these natural materials are increasingly investigated to mitigate
environmental pollution caused by oil spills and for the recovery of
valuable natural resources. Recent research has focused on inte-
grating clay minerals into natural polymer matrices to enhance
adsorption performance, aiming particularly at high-efficiency
remediation applications. Polymer–clay composite materials
have garnered significant attention due to their enhanced me-
chanical strength, improved thermal stability, increased flame
resistance, and superior capacity for removing crude oil, heavy
metals, and textile dyes from wastewater (Ferhat et al., 2016;
Mokhtar et al., 2024; Santoso et al., 2019; Wang et al., 2019).

The current study aims to: (1) Screen environmental strains of
Bacillus tequilensis and Bacillus axarquiensis for biosurfactant pro-
duction; (2) Extract, purify, and characterize biosurfactants via
acid precipitation, Thin Layer Chromatography (TLC), and 1H Nu-
clear Magnetic Resonance (1H NMR); (3) Prepare chitosan, chito-
san/glutaraldehyde, and chitosan/sodium bentonite composites
entrapping a consortium of potent biosurfactant-producing Ba-
cillus spp.; (4) Compare crude oil removal efficiencies among the
entrapped composites; (5) Optimize growth conditions to maxi-
mize oil removal efficacy; (6) Assess reusability of the most
effective entrapped composite; (7) Conduct simulation studies for
ex-situ petroleum removal and evaluate composite sustainability
during long-term application; (8) Compare swelling capacities,

mechanical stabilities, and surface zero-point charges of the
entrapped beads; (9) Characterize entrapped composites using
Thermogravimetric Analysis (TGA), Fourier Transform Infrared
Spectroscopy (FT-IR), Scanning Electron Microscopy (SEM), and to
identify and thermal stabilities, chemical composition, functional
groups, bond types, structural morphologies; (10) Perform statis-
tical analysis of all experimental results.

2. Materials and methods

2.1. Chemicals

Glucose (ISOLAB, Germany), yeast extract, Nutrient Broth (NB)
(Condalab, Spain), Bushnell Hass Broth (BHB) (HiMedia, India,
#M350), NaOH, dichloromethane, chloroform, methanol, deuter-
ated dimethylsulfoxide (d6-DMSO), Triton X-100, glycerol, TLC,
glacial acetic acid (100%) (Merck, Germany), hydrochloric acid
(37%) (HCl) (Isolab, Germany), Brain-Heart Infusion Broth (BHI),
(Sigma-Aldrich, USA), glutaraldehyde (25% in H2O) (Sigma-Aldrich,
Germany), chitosan, anthron, iodine, ninhydrin (CDH, India), crude
oil (API gravity = 45.37, specific gravity 0.800, density of the fluid/
density of water) were obtained from an oil field in Diyarbakır,
Türkiye. Sodium-bentonite (Na-BNT) obtained from SamaşMine in
Reşadiye, Tekirda�g, Türkiye. The claymineral, which complies with
API 13A (non-treated bentonite) standards, is sodium-rich and
contains at least 90% montmorillonite, with the following chemi-
cal composition: SiO2 (61.28%), Al2O3 (17.79%), Fe2O3 (3.01%), CaO
(4.54%), Na2O (2.70%), MgO (2.10%), K2O (1.24%).

2.2. Microorganisms

In this study, the environmental-origin strains Bacillus tequi-
lensis NR_104919 and Bacillus axarquiensis NR_115929 were uti-
lized. These strains were preserved in BHI medium supplemented
with 10% glycerol at the Hacettepe University Culture Collection
Laboratory (Bilen Ozyurek and Seyis Bilkay, 2017).

2.2.1. Preparation of individual bacterial strains
Pure cultures of each bacterial strain were inoculated into

nutrient broth (NB) medium supplemented with 1% glucose and
incubated at 30 ◦C for 24 h with shaking at 150 rpm (Miprolab,
Türkiye). Then, the individual bacterial strainwas then centrifuged
at 4650 × g for 10 min (NF 1200, Nuve, Türkiye) and the resulting
cell pellets were suspended in sterile 0.9% (w/v) NaCl solution at
pH = 7.0, and the optical density at 600 nm was adjusted to 1.0
using a UV spectrophotometer (Shimadzu-UV1700, Japan)
(Khondee et al., 2015). The presence of biosurfactants was assessed
using bacterial cultures standardized to equivalent growth
densities.

2.2.2. Preparation bacterial consortium
The potent bacterial strains were cultured in NB medium at

30 ◦C with agitation at 150 rpm for approximately 18 h. Following
adjustment of the bacterial cultures to equivalent growth den-
sities, the inocula were combined in a 1:1 ratio to establish a
bacterial consortium (Costa et al., 2014).

2.3. Biosurfactant production with bacterial consortium

A 100 mL BHB medium was prepared in a 250 mL Erlenmeyer
flask with the following composition: 0.2 g/L MgSO4, 0.02 g/L
CaCl2,1.0 g/L KH2PO4, 1.0 g/L K2HPO4,1.0 g/L NH4NO3, 0.05 g/L FeCl3
supplemented with 1% (v/v) glucose as the carbon source, 1% (w/v)
yeast extract as the nitrogen source, and 0.1% (v/v) trace element
solution containing (mg/L): 0.08 mg/L FeCl3⋅6H2O, 0.75 mg/L
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ZnSO4⋅7H2O, 0.75 mg/L MnSO4⋅H2O, 0.075 mg/L CuSO4⋅5H2O,
0.08 mg/L CoCl2⋅6H2O. The BHB mediumwas adjusted to pH = 7.0
using 1 M NaOH.1% (v/v) bacterial consortiumwas inoculated into
100 mL of sterile BHB medium, and the culture was incubated at
30 ◦C with shaking at 150 rpm for 7 days (Miprolab, Türkiye)
(Soyuer and Bilen Ozyurek, 2024).

2.4. Screening methods for detecting biosurfactant production

Following the incubation period, the entire culture broth was
sequentially centrifuged at 4650 × g for 10 min using an NF 1200
centrifuge (Nuve, Türkiye) and at 10752 × g for 10 min using an
Eppendorf 5417C centrifuge (Germany). The supernatants subse-
quently were filtered through a 0.45 μmpore size cellulose acetate
(CA) syringe filter (Millipore, Sartorius, USA). The resulting cell-
free culture supernatants were transferred to clean test tubes.
Triton X-100 and distilled water were employed as the positive
and negative controls, respectively.

2.4.1. Drop-collapse assay
The drop-collapse assay was performed using 96-well micro-

plates, each well pre-coated with 5 μL of mineral oil (Sigma-
Aldrich; density = 0.84 g/mL at 25 ◦C). Subsequently, 5 μL of cell-
free culture supernatant—obtained from cultures incubated at
30 ◦C with shaking at 150 rpm for 7 days—was gently applied to
the oil-coated wells. After 1 min, the droplet morphology was
observed. Collapse or spreading of the droplet was interpreted as a
positive indication of biosurfactant production. This assay was
performed and evaluated in accordancewith protocols established
in previous studies (Gaur et al., 2021; Ghazi Faisal et al., 2023; Jain
et al., 1991).

2.4.2. Oil displacement assay
The oil displacement assay was conducted to detect the pres-

ence of biosurfactants using a small volume of the sample.
Approximately 30 mL of distilled water was added to a 90 mm
diameter Petri dish, followed by the addition of 20 μL of oil to form
a thin oily layer on the water surface. Subsequently, 50 μL of cell-
free culture supernatant was carefully applied onto the oil-covered
surface. After 30 s, the diameter of the spreading area was
measured (Gaur et al., 2021; Ghazi Faisal et al., 2023; Morikawa
et al., 2000).

2.4.3. Emulsification activity (E24)
To assess the emulsification activity, 2 mL of cell-free culture

supernatant was mixed with an equal volume (2 mL) of mineral
oil. The mixture was vigorously vortexed at maximum speed for
3 min and then allowed to stand at room temperature for 24 h
before measurement. E24 was calculated using Eq. (1) (Goveas
et al., 2022; Sohail and Jamil, 2019).

E24 (%)=
Height of the emulsified layer
Total height of the liquid layer

× 100% (1)

2.5. Extraction, purification and characterization of biosurfactant

The biosurfactant was extracted using a combination of acid
precipitation and solvent extraction, following the method
described by Eraqi et al. (2016) and Soyuer and Bilen Ozyurek
(2024). The pH of the cell-free culture supernatant was adjusted
to 2.0 using 6 N HCl. The acidified supernatant was refrigerated at
4 ◦C overnight. After refrigeration, the supernatant was

centrifuged at 4650 × g for 10 min using a NF 1200 centrifuge. An
equal volume of chloroform: methanol (2:1, v/v) was added to the
supernatant at room temperature. The mixture was agitated at
150 rpm for 10 min and allowed to stand until phase separation
occurred. The formation of a grey or white-colored precipitate
indicated the presence of biosurfactants. During the solvent
extraction, three distinct phases were observed: (1) organic phase,
(2) emulsified phase, and (3) aqueous phase. The emulsified layer,
which contained the biosurfactant, was carefully collected and
transferred to a glass Petri dish. The solvents were evaporated in a
fume hood at room temperature for 24 h to obtain the bio-
surfactant (Hedlab, Türkiye). A dark brown oily precipitate was
recovered as the partially purified biosurfactant. The biosurfactant
was quantified gravimetrically by measuring its dry weight (g/L).
The recovered biosurfactant was stored at 4 ◦C for short-term use
and at − 20 ◦C for long-term preservation (Gaur et al., 2021; Ghazi
Faisal et al., 2023; Ibrahim, 2018; Kumar et al., 2016; Sohail and
Jamil, 2019).

Thin Layer Chromatography (TLC) was carried out to purify the
biosurfactant. A sample of 0.1 g of extracted biosurfactant was
dissolved in a solvent mixture of methanol: chloroform (95:5, v/v)
at room temperature. The dissolved sample was then carefully
spotted onto a silica gel plate, with the baseline positioned
approximately 1 cm from the bottom of the plate. After drying, the
TLC plate was placed in a development tank containing the mobile
phase, a mixture of chloroform: methanol: water (65:25:4, v/v)
(mobile phase). The plate was allowed to develop until the solvent
front reached an appropriate height. TLC plate visualized under
UV-spectrophotometer using arthron (w/v) (1%), iodine (w/v) (3%),
and ninhydrin (w/v) (0.25%) reagents to detect the presence of
sugar, lipid, and amino groups, respectively (Balan et al., 2016;
Batool et al., 2017; Singh et al., 2019; Thio et al., 2022). The
retardation factor (Rf) values of the moiety of peptide, lipid and
carbohydrate spots on the TLC plate were calculated as the dis-
tance traveled by the solute over the distance traveled by the
solvent (cm) (Sun et al., 2018; Chaurasia et al., 2020). 1H NMR
analysis of the purified biosurfactant was performed with Bruker
400 MHz AV NMR spectrometer (Germany) using deuterated
DMSO as the solvent (Soyuer and Bilen Ozyurek, 2024).

2.6. Preparation of chitosan, chitosan/glutaraldehyde, and
chitosan/bentonite beads entrapped with biosurfactant-producing
consortia

2.6.1. Entrapment of bacterial consortia into chitosan and chitosan/
bentonite beads

To prepare the chitosan solution, 2.5 g of chitosanwas dissolved
in 45 mL of 5% sterile glacial acetic acid by stirring until fully
dissolved. Subsequently, 0.2 g of bentonite was added, and the
mixture was magnetically stirred at 400 rpm (IKA, Germany) for
1 h to achieve a uniform solution, which was then stored at 4 ◦C for
18 h. Following this, 5 mL of the prepared bacterial consortium
(1:1 v/v) was separately added to 45 mL of both 3% (w/v) chitosan
and chitosan/bentonite solutions. The mixtures were stirred at
150 rpm for 5 min and allowed to stand at room temperature for
10 min. Beads were formed by dropping the solution into a 1 M
NaOH solution containing 26% ethanol (v/v), yielding approxi-
mately 45 g of chitosan and chitosan/bentonite beads. These beads
were gently stirred at 400 rpm for 1 h at room temperature, then
removed, washed three times with 200 mL of sterile distilled
water, and stored in cold phosphate buffer (pH = 7.0) for 24 h
(Costa et al., 2014; Gur et al., 2018; Purnomo et al., 2023; Wang
et al., 2019).
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2.6.2. Activation of the chitosan beads with glutaraldehyde
To prepare the cross-linking solution, 10 g of CH beads were

treated with 15 mL of a 2.5% glutaraldehyde solution (prepared by
mixing 15mL of glutaraldehyde with 85mL of distilled water). The
activation process was carried out with stirring at room temper-
ature for 3 h (Biosan, Latvia). After activation, the CH/GA beads
were collected using a sieve and washed three times with sterile
distilled water to remove any unreacted glutaraldehyde (Gur et al.,
2018).

2.7. Crude oil removal with entrapped-CH, CH/GA and CH/BNT
beads

A 50 mL Bushnell Hass Broth (BHB) medium was prepared in a
250mL Erlenmeyer flask containing 1% Triton X-100 (v/v), 1% yeast
extract (w/v), 0.1% glucose (w/v), and 0.1% trace elements (v/v),
supplemented with 1% crude oil (g/L). The medium was sterilized
using a cellulose acetate (CA) syringe filter with a 0.45 μm pore
size (Millipore, USA). Then,1mL of free bacterial consortia and 10 g
of entrapped CH, CH/GA, and CH/BNT beads were inoculated into
fresh BHB medium (pH = 7.0). Incubation was carried out at 30 ◦C
with shaking at 125 rpm for 7 days (Miprolab, Türkiye). Experi-
ments were performed in triplicate, including both biotic and
abiotic controls. Oil residues were measured gravimetrically, and
the removal efficiencies of the free and entrapped consortia were
compared (Bilen Ozyurek and Seyis Bilkay, 2020; Farid et al., 2024).

2.7.1. Optimization of the main factors affecting crude oil removal
with potent entrapped bead

Several parameters were optimized to achieve the highest pe-
troleum removal efficiency using the potent composite, including
Na-bentonite amount (0.025, 0.05, 0.1, 0.2, 0.4 g), crude oil con-
centration (0.25, 0.5, 0.75, 1 g/50 mL), incubation temperature (20,
25, 30, 35, 40 ◦C), initial pH (5.0, 6.0, 7.0, 8.0, 9.0), salinity (0, 2.5, 5,
7.5, 10%), and incubation period (1, 3, 5, 7, 9 days) (Chen et al.,
2017). Petroleum removal efficiency was determined by gravi-
metric analysis.

2.7.1.1. Effect of varying Na-bentonite amount on crude oil removal.
10 g of CH/BNT beads, prepared with different amounts of Na-
bentonite (0.025, 0.05, 0.1, 0.2, and 0.4 g), were inoculated into
BHB medium (pH = 7.0) supplemented with 1% crude oil (g/L).
Incubation was performed at 30 ◦C with shaking at 125 rpm for 7
days.

2.7.1.2. Effect of crude oil concentration on removal. 10 g of CH/BNT
beads, exhibiting the highest removal efficiency, were inoculated
into BHB medium supplemented with crude oil at concentrations
of 0.25, 0.5, 0.75, and 1 g/50mL. Incubationwas performed at 30 ◦C
with shaking at 125 rpm for 7 days.

2.7.1.3. Effect of incubation temperature on crude oil removal.
10 g of CH/BNT beads were inoculated into BHB medium supple-
mented with optimal oil concentration. The incubation was per-
formed at varying temperatures (20, 25, 30, 35, and 40 ◦C) with
shaking at 125 rpm for 7 days.

2.7.1.4. Effect of initial pH on crude oil removal. 10 g of CH/BNT
beads were inoculated into BHB medium prepared at different pH
values (5.0, 6.0, 7.0, 8.0, and 9.0) and supplemented with the
optimal oil concentration. Incubation was conducted at the
optimal temperature with shaking at 125 rpm for 7 days.

2.7.1.5. Effect of salinity on crude oil removal. 10 g of CH/BNT beads
were inoculated into BHB medium prepared at the optimal pH,

supplemented with the optimal oil concentration, and adjusted to
varying salt concentrations (0%, 2.5%, 5%, 7.5%, and 10%). Incuba-
tion was carried out under optimal temperature conditions with
shaking at 125 rpm for 7 days.

2.7.1.6. Effect of incubation period on crude oil removal. 10 g of CH/
BNT beads were inoculated into BHB medium prepared at the
optimal pH, supplemented with optimal oil and salt concentra-
tions. Incubation was performed under optimal temperature
conditions with shaking at 125 rpm for 1, 3, 5, 7, and 9 days.

2.7.2. Reusability
The entrapped potent composite was added to fresh BHB me-

dium, and incubationwas carried out under optimized conditions.
The reusability of the potent carrier material for petroleum
removal was evaluated (Kaushal et al., 2018).

2.7.3. Crude oil removal
The residual crude oil was extracted with an equal volume (1:1,

v/v) of dichloromethane (CH2Cl2). The residual crude oil was
quantified gravimetrically after evaporating the solvent at 95 ◦C
for 30 min. The percentage of the removal was calculated using Eq.
(2) (Gaur et al., 2021; Patowary et al., 2017).

Removal (%)=
(p0 − p1 − p2)

p0
× 100% (2)

The degradation data was calculated using Eqs. (3) and (4)
(Khandelwal et al., 2022).

kt = ln
(
co
ct

)

(3)

t1
2
=
0:693
k

(4)

co and ct show the initial and final concentrations of crude oil, g/L, k
is degradation rate constant, day− 1, and t is incubation period,
days.

2.7.4. Simulation of ex-situ oil spill remediation
A simulation study was conducted in a glass aquarium con-

taining seawater to evaluate the applicability of the potent com-
posite for remediating oil spills in aquatic ecosystems. The
simulation setup consisted of 5 L ofMediterranean seawater, 0.05 L
of petroleum, and 0.2 g/L of purified biosurfactant as a surface-
active agent to assess the petroleum removal efficiency of the
potent composite and its potential application in natural aquatic
environments. 10 g of the CH/BNT composite were supplemented
for 7 days. The seawater temperature was kept at approximately
25 ◦C, while its initial pH and salinity conditions were preserved. A
single aquarium circulation pump (3W, 1000 L/h) was attached to
one side of the glass aquarium to create a dynamic system (Farag
et al., 2018; Elkemary et al., 2023).

2.7.5. Long-term experiment
10 g of CH/BNT beads were inoculated into BHB medium pre-

pared at the optimal pH, supplemented with optimal oil and salt
concentrations. The incubation was carried out under an optimal
temperature conditionwith shaking at 125 rpm for 7,14, 21, and 28
days. The percentage of degradation was calculated at 7-day in-
tervals by comparing theweight of oil recovered at each time point
to the initial weight measured on day 0. This approach allowed for
the assessment of the effects of long-term incubation on both
petroleum degradation efficiency and the physical characteristics
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of the immobilized bacterial beads (Farid et al., 2024; Liu et al.,
2022; Wei et al., 2021).

2.8. Swelling capacities, mechanical stabilities & zero-point charge
of CH, CH/GA and CH/BNT

2.8.1. Swelling capacity
1 g of dried CH, CH/GA and CH/BNT beads (Wd) were soaked in

distilled water at room temperature. The swollen beads were
weighed at certain time intervals until they reached equilibrium
(Ws). The percentage of water uptake capacity of the whole beads
was calculated using Eq. (5) (Wahba , 2017).

SWR (%)=
[(Ws − Wd)]

Wd
× 100% (5)

2.8.2. Mechanical stability
The mechanical stabilities of CH, CH/GA, CH/BNT were

compared according to Wahba (2017). After removing excess
moisturewith filter paper, 0.5 g of beads (Wi) and 1 g of glass beads
were vortexed in 1 mL of distilled water for 20 s and then passed
through a sieve to remove any broken pieces. The beads remaining
on the sieve without disintegration were weighed as Wf. The
percentage of mechanical resistance was calculated based on the
difference between the initial and final bead weights using Eq. (6).

MS (%)=
(
Wi − Wf

)
× 100% (6)

2.8.3. Surface zero-point charge
The point of zero charge (pHzpc) of the composite adsorbent

was determined using the solid addition method (Mall et al.,
2006). A 0.1 M NaCl solution was freshly prepared, and 50 mL al-
iquots were transferred into a series of 250 mL Erlenmeyer flasks.
The initial pH of each solution was adjusted between 2 and 12
using 0.1 M HCl or 0.1 M NaOH, monitored with a calibrated pH
meter. 0.1 g of each composite was added to each flask, and the
suspensions were agitated to reach equilibrium—ranging from
60 min to 24 h depending on the protocol. Following equilibration,
the suspensions were filtered, and the final pH values (pHf) were
recorded. The difference between initial and final pH
(ΔpH = pHf − pHi) was plotted against the initial pH (pHi). The
point at which ΔpH equals zero was identified as the point of zero
charge (pHzpc) of the composite material (Kausar et al., 2019;
Olafadehan et al., 2022).

2.9. Characterizations of CH, CH/GA and CH/BNT composites

The thermal stabilities of the CH, CH/GA, and CH/BNT com-
posites, evaluated based on the material's mass change as a
function of temperature, were assessed using a Q600 SDT system
(simultaneous DSC/TGA) under a nitrogen atmosphere at 10 ◦C/
min from 30 to 800 ◦C. Fourier Transform Infrared (FT-IR) spectra
of the composites were recorded using a Thermo Fisher Nicolet
iS50 (USA) spectrophotometer in the range of 4000–400 cm− 1.
Their surface morphologies were examined with a Focused Ion
Beam Scanning Electron Microscope (FIB-SEM; Tescan GAIA3
equipped with an Oxford XMax 150 EDS detector). Prior to imag-
ing, the samples were gold-coated using a Leica ACE 600 coater,
and observations were performed at an accelerating voltage of
20 kV (Elashery et al., 2025; Eweida et al., 2023; Ibrahim, 2018;
Kausar et al., 2019).

2.10. Statistical analysis

The significance level between the removal efficiencies of free
and entrapped consortia and the optimization parameters was
calculated using the Kruskal-Wallis H test and Tukey's multiple
comparison tests, performed with IBM SPSS® Statistics 23 soft-
ware. Differences between mean values were considered statisti-
cally significant at a 5% confidence level (p < 0.05) (Farid et al.,
2024; Purnomo et al., 2023).

3. Results and discussion

3.1. Determination of biosurfactant production using bacterial
consortium

Microbial strains with suitable metabolic activities must be
identified for the simultaneous degradation of hydrocarbons and
production of biosurfactants during the bioremediation process
(Das and Chandran, 2011; Gaur et al., 2021). Common screening
methods for identifying potential biosurfactant producers include
the drop-collapse test, oil displacement assay, emulsification in-
dex (E24), and surface tension measurement. Among these, the
drop-collapse method is a rapid and simple technique that re-
quires only a small sample volume to confirm the presence of
biosurfactants (Bodour and Miller-Maier, 1998; Gaur et al., 2021).
Similarly, the oil displacement method is a practical and efficient
approach, valued for its simplicity, ease of standardization, and
time efficiency (Eraqi et al., 2016). This method does not require
complex instrumentation and provides quick, reliable results with
minimal sample volume (Gaur et al., 2021). As shown in Table 1,
the drop collapsed in less than a minute when using the super-
natant of the bacterial consortium. The oil displacement mea-
surement with the bacterial consortium was 95.7 ± 4.0 mm. In a
comparable study, Pseudomonas guguanensis demonstrated an oil
spreading diameter of 77.66 ± 0.33 mm. In the present study, the
findings from the drop-collapse method were corroborated by the
results of the oil displacement assay (Ghazi Faisal et al., 2023).
However, Sun et al. (2018) reported that there is no direct corre-
lation between the drop-collapse and oil spreading tests.

Emulsification activity (E24) is a simple, reliable, and rapid
method for indicating the presence of biosurfactants. (Nayarisseri
et al., 2019). Table 1 shows that the emulsification ability of bac-
terial consortium was 60.24% with n-decane and 40% with n-
hexadecane. Similarly, Sharma et al. (2015) reported a 64% E24
value for Enterococcus faecium against kerosene oil. Gaur et al.
(2021) obtained that the extracted biosurfactant exhibited a
maximum E24 of 28.94% ± 0.014% with fresh engine oil, and an E24
of approximately 16.0%± 0.008%with dodecane. In this regard, the
emulsification activity depends on the carbon sources used for
biosurfactant production (Amani et al., 2013).

3.2. Extraction, purification and characterization of biosurfactant

The cell-free supernatant was acidified to induce precipitation
and subsequently extracted with an equal volume of chloroform:
methanol (2:1, v/v) (Fig. 1(a)). The sample was then dried and
further analyzed using TLC, a simple and effective technique
commonly employed for purifying small quantities of products
(Batool et al., 2017). According to the TLC results, the biosurfactant
is of a lipopeptide structure, as evidenced by a positive reaction
with the ninhydrin reagent, which produced a pink-purple spot
indicative of peptide presence. Additionally, a yellow spot was
detected due to the reversible reaction of iodine with the lipid
moieties in the molecule. The peptide and lipid spots appeared at
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Rf values of 0.61 and 0.63, respectively, consistent with the lip-
opeptide nature of the biosurfactant. A similar TLC pattern was
reported by Sohail and Jamil (2019), who observed Rf values of 0.82
and 0.78 for lipoproteins and free fatty acids produced by Bacillus
tequilensis MH142145. Fig. 1(b) presents the 1H NMR spectrum of
the purified biosurfactant, which clearly confirms its classification
as a lipopeptide. This is supported by the presence of signals cor-
responding to a long aliphatic chain (CH2) at 1.195 ppm and the
peptide backbone (N–H groups) in the region from 8.5 to 7.0 ppm.
The sharp peak at 2.476 ppm corresponds to the conjugation be-
tween amino acids and fatty acids, while signals between 1.004
and 0.802 ppm correspond to the methyl (CH3) groups of the fatty
acid chains (Cruz et al., 2018; De Faria et al., 2011; Soyuer and Bilen
Ozyurek, 2024).

3.3. Comparison of crude oil removal efficiencies by free and
entrapped (CH, CH/GA, CH/BNT) biosurfactant-producing consortia

Bioremediation of marine ecosystems contaminated by crude
oil and its derivatives, which are known to be carcinogenic,
mutagenic, and neurotoxic, is crucial. However, the low solubility
of crude oil significantly hinders its degradation. To address this,
the use of non-toxic and environmentally friendly surfactants is
recommended to enhance oil solubility and bioavailability
(Khandelwal et al., 2022). Biosurfactant-producing Bacillus sp.
strains have been widely used for the remediation of areas
contaminated with crude oil. While these strains are highly
tolerant to high concentrations of hydrocarbons due to their
resistant endospores, they require a prolonged incubation period
for growth (Chuah et al., 2022; Costa et al., 2014). Moreover, the

loss of microorganisms and the decline in microbial activity over
time pose significant challenges for the bioremediation process in
marine ecosystems (Luo et al., 2021). This issue can be addressed
by immobilizing lipopeptide-producing bacteria on solid surfaces,
ensuring a highly stable inoculum with minimal mass transfer
limitations (Guo et al., 2021; Khondee et al., 2015). Abdeen et al.
(2014) reported that the removal of PAHs by Bacillus licheniformis
ATCC 10716, Rhodococcus erythropolis ATCC 13260, and Pseudo-
monas xanthomarina KMM 1447 was enhanced when these mi-
croorganisms were immobilized on crosslinked poly (vinyl
alcohol) hydrogel or through biosurfactants produced by free
bacterial cells. Biosurfactants produced by free microorganisms
and released extracellularly can enhance the biodegradation effi-
ciency of oil (Chen et al., 2017). Cort�es-Camargo et al. (2016) re-
ported a biosurfactant production of 1.52 g/L by the free Bacillus
tequilensis strain. In contrast, the yield of biosurfactant produced
by the entrapped consortium in CH/BNTwas calculated to be 0.2 g/
L. The lower biosurfactant yield in this study, compared to that
produced by free microorganisms in the literature, may be
attributed to insufficient biosurfactant production in the entrap-
ped cells or the interaction between the biosurfactant and the
amino group of chitosan, which inhibits its diffusion into the
growthmedium (Costa et al., 2014). However, when comparing the
petroleum removal efficiencies of the free biosurfactant-
producing bacterial consortium and the bacterial consortia
entrapped in CH, CH/GA, and CH/BNT matrices, as shown in Fig. 2,
the degradation efficiency of the CH/BNT-entrapped consortium
was found to be significantly higher than that of the free bacterial
consortium. The effectiveness of entrapped-CH/BNT composites in
crude oil removal may be attributed to the use of natural clay

Table 1
The screening assays for biosurfactant production by potent bacterial consortium.

Bacterial consortia a Drop-collapse b Oil-spreading, mm E24, %

n-decane n-hexadecane

Bacillus tequilensis & Bacillus axarquiensis +++ 95.7 ± 4 60.24 40.0

a Change in drop within 1 min (+++).
b The diameter of the Petri dish is 110 mm.

Fig. 1. (a) Extraction of biosurfactant; (b) 1H NMR analysis of the lipopeptide structure of biosurfactant.
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minerals as an alternative to emulsifying agents (Pete et al., 2021).
Luo et al. (2021) emphasized the superior oil removal efficiency of
immobilized bacterial consortia (Acinetobacter sp. Y9, W3, F9, and
Gordonia sp. X1) over individual bacterial strains, highlighting the
limitations of using free cells in the removal process, such as
challenges in cell separation from the culture and inefficient
substrate transfer to the cells. Similarly, Purnomo et al. (2023)
reported that biosurfactant-producing bacteria (Pseudomonas
aeruginosa, Bacillus subtilis, and Ralstonia pickettii) immobilized in
a PVA/SA/bentonite composite achieved effective hydrocarbon
degradation. Likewise, the removal efficiency of naphthalene using
the Bacillus fusiformis (BFN) strain entrapped in alginate/polyvinyl
alcohol/clay beads was significantly higher than that observed
with the free BFN strain. This can be attributed to the stabilization
of the cell membrane, which aids cell preservation and improves
degradation rates. The immobilized beads act as adsorbents
around the cells, facilitating degradation by increasing the con-
centration of available naphthalene (Lin et al., 2014). Furthermore,
the large surface area of the beads significantly increases the
contact between immobilized microorganisms and crude oil,
thereby providing greater opportunities for removal (Farid et al.,
2024). The petroleum removal efficiency of the CH/BNT-
entrapped bacterial consortium was significantly higher not only
than that of the free bacterial consortium but also compared to CH
and CH/GA. Statistical analysis confirmed that the removal effi-
ciencies of the CH/BNT-immobilized bacterial consortium were
significantly different from those of the other support materials
(p = 0.022; Table S1). The degradation efficiencies of CH/GA were
like those of the free biosurfactant-producing consortium, but
higher than those observed for CH (Fig. 2). Statistical analysis
confirmed that the degradation efficiencies of the free consortium
and the CH/GA-entrapped bacterial consortium were grouped
together (p = 0.022; Table S1). In a similar study, the enriched
crude oil-degrading microbiota entrapped in PVA/SAwas found to
be more effective in crude oil degradation than both the free and
the SA-entrapped microbiota (Huang et al., 2022).

According to the first-order kinetics model equation, the
degradation rate constants of bacterial consortia entrapped in CH/
BNT, CH/GA, CH, and free bacterial consortium were 1.108, 0.774,
0.576, 0.776 day− 1, respectively. The half-life period of entrapped
consortia with CH/BNT was notably lower (t1/2 = 0.625 days)
compared with CH/GA (t1/2 = 0.895 days), CH (t1/2 = 1.203 days),
and free bacterial consortium (t1/2 = 0.893 days). Accordingly, the
low half-life of the entrapped CH/BNTconsortium suggests high oil
removal efficiency, indicative of elevated microbial activity. Simi-
larly, Warr et al. (2009) reported that clay minerals with a large

specific surface area and high cation exchange capacity contribute
significantly to bacterial hydrocarbon degradation over time.
Similar studies have reported that incorporating bentonite clay
improves the removal capacity of entrapped composites (Baigorria
et al., 2020; Pandey, 2019). Clay minerals are widely utilized in
environmental remediation due to their surface charge, large
specific surface area, and interlayer spaces, which enable the
efficient removal of both polar and non-polar organic compounds.
Their colloidal dimensions not only facilitate the dispersion of oil
but also allow the reduction in the size of oil droplets, thereby
enhancing the efficiency of oil removal (Farid et al., 2024). Addi-
tionally, clay minerals help maintain optimal pH conditions and
support bacterial growth by adsorbing protons released during the
breakdown of hydrocarbons. Furthermore, the application of clay
minerals has expanded to the removal of various anionic con-
taminants including nitrate, chromate, and arsenate that are toxic
to living organisms even at trace levels. However, the inherently
negatively charged surfaces of natural clay generally limit their
effectiveness for anion adsorption. To overcome this limitation,
numerous studies have demonstrated that modifying clays with
organic surfactants can transform them into efficient adsorbents,
thereby broadening their applicability in environmental remedi-
ation (Anjum et al., 2024; Chen et al., 2020; del Mar Orta et al.,
2020; Haridharan et al., 2022; Le Quoc et al., 2021; Mokhtar
et al., 2024).

To further enhance the performance of CH/BNT composites,
future research should explore the integration of activated carbon
within the chitosan/bentonite matrix to substantially increase
petroleum adsorption capacity (Chen et al., 2020). Additionally,
optimizing the physical properties of bentonite through cost-
effective acid and thermal treatments can improve matrix
porosity and surface chemistry, thereby facilitating enhanced
biosurfactant release while maintaining mechanical stability. Acid
activation notably increases mesopore volume and overall
porosity, augments silanol group density essential for organic
compound adsorption, and reduces hydroxyl groups within the
clay structure (Pluangklang and Rangsriwatananon, 2021). Alter-
natively, organic modification of bentonite can reduce its hydro-
philicity and alter surface wettability from hydrophilic to
organophilic, thereby improving its efficacy in petroleum removal
applications (Rostami et al., 2018).

3.4. Statistical design to optimize the main factors affecting
petroleum removal by CH/BNT-entrapped consortia

The immobilization of bacteria on a carrier matrix offers
numerous advantages, including the provision of a protective
niche for long-term microbial survival, enhanced tolerance to
variations in pH and temperature, and the potential for reuse of
immobilized cells (Berillo et al., 2021; Cortez et al., 2017;
Partovinia and Rasekh, 2018; Zommere and Nikolajeva, 2017). In
addition, immobilization protects cells from the toxic effects of
substrates and reduces the inhibitory effects of various metabo-
lites (Ausheva et al., 2008). In this study, key parameters were
optimized to achievemaximum crude oil removal efficiency. These
parameters included the amount of Na-bentonite (0.025, 0.05, 0.1,
0.2, and 0.4 g), crude oil concentration (0.25, 0.5, 0.75, and 1 g/
50 mL), incubation temperature (20, 25, 30, 35, and 40 ◦C), initial
pH (5.0, 6.0, 7.0, 8.0, and 9.0), salinity (0%, 2.5%, 5%, 7.5%, and 10%),
and incubation period (1, 3, 5, 7, and 9 days). These variables were
systematically evaluated and adjusted to determine the optimal
conditions for maximizing crude oil degradation by CH/BNT-
entrapped bacterial consortia. (Fig. 3(a)–(f)).

As shown in Fig. 3(a), the amount of Na-bentonite ranging from
0.025 g to 0.4 g had a significant impact on crude oil removal

Fig. 2. Comparison of crude oil removal efficiencies of free and immobilized bacterial
consortia.
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efficiency. Statistical analysis demonstrated that varying the
amount of Na-bentonite significantly affected the oil removal ca-
pacity of the composite material, with 0.2 g of Na-bentonite
yielding the highest removal efficiency (p = 0.009; Table S2).
While increasing the amount of Na-bentonite up to 0.2 g improved
oil removal, a decline in efficiency was observed at 0.4 g. Clay
minerals act as structural support, increasing the permeability and
porosity of the composite material, thereby promoting microbial
activity and facilitating the transport of crude oil into the cells.
However, excessive amounts of bentonite may hinder diffusion by
obstructing the space required for microbial growth, which could
negatively impact the overall degradation process (Lin et al., 2014).

Oil concentration critically affects microbial degradation effi-
ciency, with both low and high levels reducing performance (Chen
et al., 2017). In this context, an investigation into the effect of oil
concentrations ranging from 0.25 to 1 mL on the removal effi-
ciency by CH/BNT-entrapped consortia revealed that increasing oil
concentrations led to a decline in crude oil removal efficiency
(Fig. 3(b)). Statistical analysis revealed that an oil concentration of
0.5 mL resulted in a significantly higher removal efficiency
compared to all other tested concentrations, highlighting its
optimal level for maximizing biodegradation (p = 0.015; Table S3).
Similarly, Farid et al. (2024) reported that the maximum degra-
dation rates were observed at a 0.5% oil concentration using PVA-
alginate-clay composite-entrapped with marine bacteria. Simi-
larly, El-liethy et al. (2022) observed that bacterial growth

occurred rapidly at lower oil concentrations but was significantly
reduced and suppressed at higher concentrations, with 0.6%
identified as the optimal oil concentration for biodegradation.
Khandelwal et al. (2022) demonstrated that increasing the oil
concentration from 2% to 5% resulted in a decrease in biodegra-
dation efficiency. Consequently, the decline in removal efficiency
observed with increasing oil concentration in this study aligns
with the results reported in previous research (Abdel-Razek et al.,
2020; Abtahi et al., 2020; Chen et al., 2017; Hazim and Al-Ani,
2019).

Temperature affects not only the activity of bacteria but also the
physical and chemical properties of crude oil (Chen et al., 2017). In
this context, the effect of temperature on oil removal by CH/BNT-
entrapped consortia is illustrated in Fig. 3(c). The crude oil removal
efficiency of CH/BNT increased from 20 to 35 ◦C, then decreased at
40 ◦C. The optimal temperature for maximum oil removal by the
bacterial consortia entrapped in CH/BNT was found to be 35 ◦C.
These findings were further validated by statistical analysis
(p = 0.011; Table S4). Farid et al. (2024) reported that while the
maximum oil removal was determined at 30 ◦C, a decrease was
observed at 35 ◦C. As temperature increases to an optimal level,
the bioavailability of microorganisms improves due to enhanced
oil solubility. Since microbial growth and enzymatic catalysis are
temperature-dependent, increased temperature accelerates mi-
crobial metabolism, thereby enhancing oil removal efficiency
(Tekere et al., 2019). The bacterial consortium entrapped in CH/

Fig. 3. The effect of the (a) amount of Na-bentonite; (b) crude oil concentration; (c) incubation temperature; (d) initial pH; (e) salinity; (f) incubation period on crude oil removal.
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BNT exhibited a removal capacity exceeding 50% even at both the
highest (40 ◦C) and lowest (20 ◦C) temperatures tested, indicating
its ability to adapt to a wide range of oil removal and thus offering
broad application potential. Nevertheless, compared to salinity
and incubation period, temperature did not cause a dramatic
decrease in oil removal. This resilience can be attributed to the fact
that the entrapped microorganisms capable of degrading crude oil
are indigenous bacterial strains isolated from an oil field, which
are naturally adapted to varying environmental conditions (Huang
et al., 2017a).

The growth of bacteria in environments with unsuitable pH
levels can significantly affect their biodegradation capacity
(Venosa and Zhu, 2003). As shown in Fig. 4(d), the oil removal
performance of the CH/BNT-entrapped consortia was evaluated
across a broad pH range. The results revealed that more than 75%
of oil removal was achieved at slightly acidic and neutral pH
values, whereas a decline in oil removal efficiency was observed at
strongly alkaline pH values. Despite this, the CH/BNT-entrapped
consortia exhibited the ability to degrade oil effectively across a
wide pH range, with the optimal performance observed at
pH = 6.0. Notably, although a decrease in removal efficiency was
observed in highly alkaline pH conditions, the consortia still ach-
ieved a substantial oil removal rate of over 50% (Fig. 3(d)). This
suggests that the bacterial consortia entrapped in CH/BNT retain
their stability and oil degradation potential under extreme pH
conditions. Statistical analysis confirmed a significant difference in
the oil removal efficiencies of the composite at different pH levels
(p = 0.016; Table S5).

Extreme conditions, such as high salinity, are key factors that
limit microbial activity in aquatic ecosystems. In this study, oil
removal efficiency by CH/BNT-entrapped consortia decreased
significantly from 80.6% to 9.6% as salinity increased (Fig. 3(e)).
This effect of NaCl concentration on oil removal efficiency was
statistically significant (p = 0.010; Table S6). Similarly, Huang et al.
(2022) reported that salinity markedly influenced the oil removal
efficiencies of both free and immobilized microbiota. Despite the
decline at high salinity levels, the CH/BNT composite maintained
approximately 50% oil removal at 2.5% and 5% salinity, suggesting
that immobilization conferred partial protection to the microor-
ganisms. This protection likely arises from the formation of a
compact floc structure between the bacterial consortium and the
CH/BNT matrix, which mitigates the inhibitory effects of Na+ ions
and preserves microbial activity. Furthermore, as shown in Fig. 3
(f), petroleum removal by the CH/BNT composite increased
steadily up to the 7th day, after which a significant decline in
removal efficiency occurred. Statistical analysis confirmed the

significant influence of incubation period on oil removal
(p = 0.010; Table S7). The highest oil removal efficiency of 80.5%
was achieved at the end of the 7-day incubation period.

3.5. Reusability

The reuse of immobilized bacterial cells enables the mainte-
nance of microbial stability and activity over extended periods,
thereby reducing operational costs and enhancing process effi-
ciency (Costa et al., 2014). In this study, although a decline in oil
removal efficiency was observed after 7 days of incubation, the
removal efficiency remained above 60% during the 2nd and 3rd
reuse cycles (Fig. 4). However, a significant reduction in oil
removal efficiency was noted after the 4th cycle. These findings
were supported by statistical analysis (p = 0.007; Table S8). Dotto
et al. (2016) reported that chitosan/bentonite hybrid composites
could be reused up to three times for the removal of anionic
amaranth red and cationic methylene blue dyes. Similarly, the
reusability of chitosan/bentonite composites has been demon-
strated across various applications, including the removal of dyes,
antibiotics, and heavy metals (Elashery et al., 2025; Guo et al.,
2023; Majiya et al., 2023). Therefore, this study provides a sus-
tainable approach for the industrial-scale application of environ-
mentally friendly composites by demonstrating the reusability of
immobilized beads.

3.6. Simulation study

The application of the CH/BNTcomposite should extend beyond
laboratory-scale studies to include practical implementations for
the remediation of oil-polluted water bodies (Senol et al., 2024).
Laboratory-scale experiments using seawater provide critical in-
sights into the composite's applicability and scalability, as well as
its cost-effectiveness in real-world scenarios. Accordingly, a
simulation study was conducted in a glass aquarium under
controlled laboratory conditions (Fig. 5(a) and (b)). Compared to
the optimized laboratory conditions, the simulation revealed a 20%
reduction in petroleum removal efficiency by the CH/BNT com-
posite. Consistent with the optimization results, increased NaCl
concentration contributed to decreased petroleum removal effi-
ciency, although the immobilized microorganisms retained partial
protection. Additionally, the decline in efficiency may be attrib-
uted to a reduction in the mechanical strength of the composite in
seawater and insufficient circulation caused by using a single
aquarium pump. Therefore, comprehensive investigations are
essential to evaluate the properties of spilled oil on the sea surface
and at the spill site, alongside assessments of petroleum removal
efficiency, reusability, biodegradability, durability, and floatability
of the CH/BNT composite under seawater conditions. Such studies
are critical to fully assess the composite's potential for large-scale
marine oil spill remediation.

3.7. Long-term experiments

As shown in Fig. 6, although a decline in removal efficiency was
observed after day 7, approximately 50% petroleum removal was
maintained by day 14, with efficiencies around 40% on days 21 and
28. The composite preserved its structural integrity and sustained
effective removal performance throughout the extended incuba-
tion period. Thus, the efficacy of CH/BNT composites in crude oil
removal over a 28-day incubation period has been validated in
laboratory studies, positioning them as a promising approach for
environmental bioremediation applications.

In alignment with these findings, Baoune et al. (2019) reported
a notable decrease in hydrocarbon degradation as after 28 days ofFig. 4. Reusability of CH/BNT-entrapped consortia on crude oil removal.
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incubation. Liu et al. (2022) obtained that a bioreactor using
immobilized petroleum-degrading bacterial beads achieved over
50% diesel degradation for 27 days. However, degradation effi-
ciency declined over time, coinciding with a 32.5% reduction in
bead diameter after 45 days, suggesting that physical changes in
the beads may impact long-term bioremediation performance.
However, removal efficiencies of embedded degrading bacteria-
PVA/alginate/clay composite were 64.7% and 60% at the end of
the 7-day incubation, whereas only 76.66% and 70.5% removal
efficiencies were attained by the conclusion of the 28-day incu-
bation period (Farid et al., 2024). El-Sheshtawy et al. (2022) re-
ported that the biodegradation percentage enhanced with
increasing the incubation time in the degradation of petroleum
hydrocarbons using bacterial strains immobilized on goethite-
chitosan nanocomposite. A summary of similar contemporary
approaches employed for the remediation of petroleum pollution
in terrestrial and aquatic ecosystems is presented in Table 2.

3.8. Comparison of mechanical stability, swelling capacity and
surface zero-point charge among CH, CH/GA, and CH/BNT
composites

This study compared themechanical stability, swelling capacity
and surface zero-point charge of environmentally friendly

composites— specifically CH, CH/GA, and CH/BNT. Following vor-
texing with glass beads for 20 s, the CH, CH/GA, and CH/BNT beads
retained 91.49%, 89.47%, and 98.04% of their initial weight,
respectively. Wahba (2017) reported that CH/GA activated CP
beads retained 75.29% ± 1.90% of their initial weight after similar
vortex treatment. These results indicate that the mechanical sta-
bility of CH beads is comparable to that of CH/GA beads but inferior
to that of CH/BNT beads. Accordingly, Barreto et al. (2010)
observed that chitosan beads fragmented during n-hexadecane
degradation due to chitosanase production by Bacillus subtilis
LAMI008 encapsulated within chitosan matrix. Therefore, the
mechanical stability of chitosan can be enhanced through activa-
tion with glutaraldehyde and cross-linking with Na-bentonite.
Although CH/BNT beads were prepared without chemical cross-
linking agents, Na-bentonite acts as a physical crosslinker, thereby
enhancing the mechanical strength of the CH/BNT composite
beads (Kamoun and Menzel, 2012). Na-bentonite, a non-toxic and
cost-effective material, provides a large surface area and contrib-
utes significantly to the mechanical stability of immobilized bac-
terial cells. Its porous structure facilitates oxygen diffusion,
thereby supporting the viability of the bacterial consortium
immobilized within the CH/BNT composite (Farid et al., 2024).
Additionally, Na-bentonite imparts flexibility to the composite,
enabling it to withstand deformation without distortion or dam-
age. Similarly, Benucci et al. (2018) reported that the incorporation
of clay enhanced the mechanical properties of nanocomposites.
Consequently, compared to CH and CH/GA beads, CH/BNT beads
exhibited superior mechanical strength and stiffness, with marked
improvements in physical properties such as hardness, durability,
and appearance (Kaushal et al., 2018).

The swelling capacity of composites is a critical factor in facil-
itating effective exchange between immobilized bacteria and their
surrounding environment during the bioremediation process.
Adequate water uptake is essential to support this exchange. In
this study, the water uptake capacities of CH, CH/GA, and CH/BNT
beads were compared, as illustrated in Fig. 7. The CH/BNT beads
exhibited the highest swelling capacity, which can be attributed to
the role of Na-bentonite in enhancing the porosity of the chitosan
matrix. Na-bentonite, a clay mineral with a layered, chain-like
structure, contains reactive –OH groups on its surface and
exchangeable cations within its interlayer channels, contributing
to the increased swelling capacity observed (Farid et al., 2024). The
elevated number of –OH groups in the CH/BNT composite

Fig. 5. (a) Simulation of crude oil degradation; (b) CH/BNT composites exposed to crude oil.

Fig. 6. The removal efficiency of crude oil by CH/BNT composite during a 28-day
incubation period.
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enhances its hydrophilicity, resulting in a swelling capacity that
surpasses that of the other composites (Knijnenburg et al., 2021).
However, the swelling ratios decreased with increasing clay con-
centration, and 0.25% clay was determined to be the optimal
concentration, correlating with the highest degradation rate (Farid
et al., 2024). Correspondingly, CH/BNTcomposite beads containing
0.2 g Na-bentonite, the optimal concentration, demonstrated the
greatest mechanical strength and swelling capacity. Bentonite has
recently emerged as a promising support material due to its
excellent mechanical strength, chemical stability, low cost, and
wide availability (Bensalem et al., 2021). Interestingly, while the
swelling capacity of inactivated CH was comparable to that of CH/
BNT, the swelling capacity of CH/GA beads was significantly lower
(Fig. 7). This reduction is consistent with the understanding that
lower cross-linker concentrations yield higher swelling capacities
but lower mechanical stability, whereas increasing the cross-
linker concentration to 3% results in decreased swelling capacity
accompanied by enhanced mechanical strength. Thus, although
the CH/GA composite prepared with a 2.5% glutaraldehyde solu-
tion exhibits relatively high mechanical strength, its swelling ca-
pacity remains substantially limited. In summary, the swelling
capacity and mechanical stability of CH, CH/GA, and CH/BNT beads
exhibited a linear relationship, highlighting the interdependence
of these key material properties.

The point of zero charge (pHpzc) of CH, CH/GA, and CH/BNT was
determined using the solid addition method to better understand
the surface charge characteristics of these materials (Kausar et al.,
2019). The surface of the composite becomes negatively charged at
pH values above the point of zero charge (pHpzc) and positively
charged at pH values below it. As illustrated in Fig. 8, the pHpzc of
the CH/BNT composite is ~8.0. Given that the optimal pH for pe-
troleum removal is 7.0, and since pH < pHpzc (i.e., 7.0 < 8.0), the
surface of the composite is positively charged under these

conditions. At pH 7.0, the CH/BNT composite carries a net positive
surface charge, primarily due to the protonation of amino groups
(–NH3

+) present in chitosan. This positive surface charge enhances
electrostatic attraction and surface interactions with petroleum-
based pollutants, thereby improving adsorption efficiency. As the
pH increases beyond the pHpzc, the positive surface charge density
of both chitosan and bentonite components diminishes, weak-
ening the electrostatic interactions between the composite and
negatively charged suspended particles. This reduction leads to a
decline in adsorption capacity (Guo et al., 2023; Kausar et al.,
2019). Supporting these findings, Anirudhan and Ramachandran
(2015) reported a pHpzc of 7.8 for modified clay, while B�ee et al.
(2017) determined the pHpzc of magnetic chitosan/clay beads to
be 7.3.

3.9. Characterization of CH, CH/GA and CH/BNT composites

3.9.1. TGA
Chitosan/bentonite composites typically exhibit significantly

enhanced mechanical strength, improved thermal stability, and
relatively high surface area (Bensalem et al., 2021). The thermal
stability of CS, CS/GA and CH/BNT were evaluated using TGA, as
shown in Fig. 9(a), (b), (c), respectively. In the first stage, a weight
loss of approximately 10% for CH, CH/GA, and CH/BNT between 30
and 200 ◦C was observed, which is attributed to the removal of
interlayer water molecules and residual acetic acid. A slight mass
loss below 250 ◦C further indicates that the composites possess
excellent thermal stability. The second stage involved major mass
loss occurring between 250 and 400 ◦C corresponding to the
degradation of chitosan. This degradation is associated with the
decomposition of chitosan into CO2, CO, and H2O, primarily due to
the deacetylation process. For the CH/GA composite, significant
mass loss was observed between 280 and 480 ◦C, which can be

Table 2
Summary of recent studies on immobilized biocomposites for petroleum hydrocarbon removal.

Natural-based carriers Target pollutant Reference

Bacterial spores entrapped in chitosan beads Petroleum hydrocarbon Barreto et al. (2010)
Immobilized calcium alginate/activated carbon Crude oil Chen et al. (2017)
Immobilized alginate beads Oil-contaminated lands Zommere and Nikolajeva (2017)
Immobilized chitosan-activated carbon Diesel oil Muangchinda et al. (2018)
Immobilized alginate–bentonite/guargum–nanobentonite/carboxymethyl cellulose–bentonite Crude oil Khandelwal et al. (2022)
Immobilized chitosan/biochar Crude oil Liu et al. (2023)
Immobilized PVA/SA/bentonite Hydrocarbon-contaminated soil Purnomo et al. (2023)
Immobilized PVA/alginate/clay Crude oil Farid et al. (2024)
Immobilized chitosan/Na-bentonite Crude oil Present study

Fig. 7. The swelling capacities of CH, CH/GA, and CH/BNT composites. Fig. 8. Zero-point charge of CH, CH/GA, and CH/BNT composites.
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attributed to the decomposition of crosslinked structures formed
by glutaraldehyde. The third stage, corresponds to the pyrolysis of
the organic components of chitosan.

According to the TG curves, the total mass loss of CH was
approximately 45%, whereas the CH/GA composite exhibited a
higher mass loss of around 65%. In comparison, the mass loss
observed for the CH/BNT composite ranged between 35% and 40%.
TGA profiles of CH and CH/BNT composites—both of which
exhibited superior mechanical stability and swelling capacity
compared to CH/GA—were notably similar. The enhanced thermal
stability of the CH/BNT composite can be attributed to the

incorporation of Na-bentonite particles, which introduce inorganic
components into the organic matrix, thereby increasing resistance
to thermal degradation. Overall, these results demonstrate that the
CH/BNT composite exhibits enhanced thermal stability (Billah
et al., 2024; Guo et al., 2023; Kaur and Kaur, 2024; Kausar et al.,
2019).

3.9.2. FT-IR
The identification and characterization of various bonds and

linkages present in CH, CH/GA and CH/BNT beads were determined
using FT-IR. The FT-IR spectra of CH, CH/GA, and CH/BNT com-
posites after oil treatment were represented as Fig. 10(a), (b), (c).
The functional groups were interpreted based on comparisons
with similar studies (Abdelnaby et al., 2023; Eraqi et al., 2016;
Eweida et al., 2023; Gaur et al., 2021; Kaur and Kaur, 2024;
Kaushal et al., 2018; Moussa et al., 2017; Purnomo et al., 2023;
Zhu et al., 2023). The FT-IR spectra of CH and CH/GA composites

Fig. 9. TG spectra of (a) CH; (b) CH/GA; (c) CH/BNT.
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Fig. 10. The FT-IR spectrum of (a) CH; (b) CH/GA; (c) CH/BNT.
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exhibit broad bands at 3293 and 3280 cm− 1, respectively, attrib-
uted to N–H and O–H stretching vibrations. The peak at
~2920 cm− 1 in CH corresponds to asymmetric CH-stretching,
while two nearby bands at 2922 and 2873 cm− 1 in CH/GA are
assigned to asymmetric and symmetric CH2 stretching vibrations.
A sharp peak at 1637 cm− 1 in CH and 1643 cm− 1 in CH/GA beads is
attributed to the C=O stretching vibration of amide I. A smaller
band at 1558 cm− 1 in CH and 1556 cm− 1 in CH/GA beads corre-
sponds to the N–H bending of amide II. The peaks at 1379 cm− 1 in
CH and 1377 cm− 1 in CH/GA are associatedwith the C–N stretching
of amide III. An absorption band at 1149 cm− 1 in CH corresponds to

the asymmetric stretching of the C–O–C bridge. The bands at 1077
and 1028 cm− 1 in CH,1059 and 1028 cm− 1 in CH/GA, are attributed
to C–O stretching vibrations. Additionally, the band at 991 cm− 1 in
CH and 896 cm− 1 in CH/GA is likely due to the amine group of
chitosan (Fig. 10(a) and (b)) (Drabczyk et al., 2020; El-araby et al.,
2022; Joseph et al., 2016; Queiroz et al., 2015; Salsabila et al.,
2024).

The FT-IR spectrum of the CH/BNT composite exhibits charac-
teristic peaks attributable to Na-bentonite. A broad band at
3365 cm− 1 corresponds to the smectite layer, while an intense
band at 1024 cm− 1 is assigned to the Si–O stretching vibrations of

Fig. 11. SEM micrographs of the bacterial consortium entrapped in (a) CH, (b) CH/GA and (c) CH/BNT.
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montmorillonite. The band observed at 902 cm− 1 is associated
with octahedral (Al–O–Si) bending vibrations within the smectite
structure. Additionally, it shows a characteristic band near
3293 cm− 1 indicates hydrogen bond formation between the
functional groups of chitosan (N–H and O–H) and the O–H groups
in bentonite (Fig.10 (c)). This interaction between chitosan and the
Na-bentonite clay layer enhances the number of binding sites in
the CH/BNT composite, thereby improving its removal efficiency
(Abdel Zaher et al., 2018; Abdelnaby et al., 2023). Consistent with
these findings, similar studies have reported that the intercalation
of chitosan into the clay layer results in a more effective adsorbent
compared to chitosan or clay alone (Guo et al., 2023; Jimtaisong
and Sarakonsri, 2019; Majiya et al., 2023).

3.9.3. SEM
The surface morphologies of CH, CH/GA and CH/BNT compos-

ites at various magnifications were characterized by SEM, as
shown in Fig. 11(a), (b), (c). According to Fig. 11 (a), the surface of
CH is non-porous, smooth, and membranous, exhibiting a more
compact structure compared to CH/GA and CH/BNT composites.
Fig. 11 (b) reveals that CH/GA composites display an uneven,
porous surface with heterogeneous pore sizes, characterized by
irregular ridges within the bead structure (Zhu et al., 2023). Mi-
croorganisms are also visible on the cross-sectional surface of the
entrapped beads, which exhibit an irregular morphology con-
taining numerous gaps and channels. According to Fig. 11(c), the
CH/BNT composite exhibits a non-porous, clustered, and irregular
surface that is notably rougher and more convoluted. Kaya and
Ozer (2022) reported similar SEM observations for chitosan-
bentonite composites and provided comparable interpretations.
The lack of a membranous surface typical of pure chitosan, com-
bined with chitosan's presence within bentonite's porous in-
terlayers, confirms its intercalation into the clay structure.
Additionally, chitosan accumulation on the clay's exterior leads to
the formation of large pure chitosan lamellae (Rissouli et al., 2025).
In conclusion, the chitosan-modified bentonite composite exhibits
an uneven surface morphology, which may provide specific
binding sites for organic pollutants such as petroleum, thereby
enhancing its adsorption capacity (Abdeen et al., 2014; Guo et al.,
2024; Kaya and Ozer, 2022; Lin et al., 2014).

4. Conclusion

Immobilization techniques are extensively employed owing to
their favorable attributes, including mild reaction conditions,
improved mechanical strength, swelling capacity, elevated mi-
crobial activity, high cell loading efficiency, and reusability. Among
the naturally preferred matrices in immobilization, clay-polymer
composites notably enhance critical properties such as mechani-
cal robustness, thermal stability, and porosity. Particularly
chitosan/Na-bentonite composites, have emerged as promising
materials in bioremediation due to their effective adsorption of
diverse pollutants, including petroleum hydrocarbons, heavy
metals, nutrients, and dyes. These composites offer a cost-efficient
and environmentally sustainable solution for petroleum remedi-
ation in aquatic environments, while simultaneously reducing
wastewater treatment costs. Based on the comparative analysis
conducted, the key conclusions are as follows:

(1) The biosurfactants produced by the Bacillus tequilensis and
Bacillus axarquiensis consortium were confirmed to possess
a lipopeptide structure.

(2) The petroleum removal efficiency of the CH/BNT-entrapped
bacterial consortium was significantly superior to both the

free bacterial consortium and the CH and CH/GA
composites.

(3) Maximum crude oil removal was achieved using 0.5 mL of
crude oil with the CH/BNT composite containing 0.1 g of Na-
bentonite at pH = 6.0 and 35 ◦C over a 7-day incubation
period. Additionally, oil removal efficiency declined with
increasing salinity.

(4) Although the removal efficiency remained above 50% during
the 2nd and 3rd incubation cycles, a pronounced decrease in
oil removal was noted after the 4th cycle.

(5) The interaction between chitosan and the Na-bentonite clay
layer enhances the number of binding sites within the CH/
BNT composite, thereby improving its removal efficiency.

(6) The CH/BNT composite exhibited superior mechanical sta-
bility, swelling capacity, and thermal stability compared to
CH and CH/GA composites.

(7) The efficacy of CH/BNT composites for crude oil removal has
been conclusively demonstrated through both 28-day lab-
oratory experiments and laboratory-scale simulation
studies.

(8) The CH/BNT composite has a point of zero charge near pH =

8.0, and its positive surface charge at pH = 7.0 enhances
petroleum pollutant adsorption via increased electrostatic
attraction, a key factor for advancing adsorption research.

(9) Overall, the CH/BNT composite is a cost-effective, eco-
friendly, and recyclable material with significant potential
for sustainable bioremediation of oil pollution in aquatic
ecosystems. Beyond oil remediation, CH/BNT-based mate-
rials are also expected to effectively remove various indus-
trial pollutants, including heavy metals and textile dyes,
from an aquatic environment.

(10) While laboratory and simulation studies have validated the
efficacy of the CH/BNT composite, future research should
focus on addressing critical challenges to facilitate practical
application. These include evaluating the effects of envi-
ronmental variability, enhancing long-term stability and
reusability, and conducting advanced pilot-scale and in-situ
field trials. Such efforts are crucial to validate laboratory
results and optimize deployment strategies under complex
real-world conditions.
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