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Background: Environmental soil contamination is a serious problem for humans
worldwide, as it causes many diseases.

Methods: The present study focuses on utilizing biosurfactants produced by
Pseudomonas stutzeri (P. stutzeri) NA3 and Bacillus cereus (B. cereus) ENG, as
an electrolyte for removing chromium (Cr) from contaminated soil using the
electrokinetic (EK) process.

Results: As a result, biosurfactants produced by P. stutzeri NA3 and B. cereus
ENG, being lipopeptides, increase heavy metal mobility in the EK process. The
Cr removal efficiency of a novel electrolyte (biosurfactants) in the EK process
was compared with that of NA3 and EN6 biosurfactants. The EK results revealed
a maximum Cr removal of 75 and 70% by NA3 and ENG, respectively, at the end
of 7 days.

Discussion: The biosurfactant aids in the breaking down of the heavy metals
that are present deeper into the soil matrix. From the metagenomics analysis,
it was identified that biosurfactant changes the microbial community with an
enhanced ability to remove heavy metals. The phytotoxicity assay confirms
that NA3 biosurfactant solution showed 95% seed germination and can lower
hazardous pollutants in the soil.

Conclusion: The application of biosurfactants as a potent electrolyte for the
remediation of hazardous pollutants is an integrated process. Overall, the results
of this study suggest that biosurfactants can serve as an economic and efficient
electrolyte in the EK process to remove Cr from polluted soil.

KEYWORDS

Bacilluscereus ENG6, biosurfactant, electrolyte, electrokinetic process,
Pseudomonas stutzeri NA3
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Introduction

Environmental soil pollution has become a major issue for
humans across the world. The effluents from various industries have
polluted the environment with various types of harmful heavy metals
(Mulligan et al., 2001; Wang et al., 2023). Among various heavy
metals, Cr is widely used in numerous industries, such as Cr leather
tanning, ceramics, stainless steel manufacturing, pyrotechnics,
electronics, and painting and textile industries (Fonseca et al., 2012;
Abilaji et al., 2023a,b). Tannery wastewater has been found to have
elevated levels of chemical oxygen demand (COD), total dissolved
solids (TDSs), biochemical oxygen demand (BOD), total suspended
solids (TSSs), phosphate, nitrogen, and heavy metals, particularly Cr
(Muthukkauppan and Parthiban, 2018; Prakash et al., 2021). However,
these industries fail to implement effective Cr disposal techniques,
resulting in major contamination of underground water and soil. The
effects of the world’s expanding Cr pollution were known to cause
neurological, renal, gastrointestinal, nasal bleeding, ulcers, skin rashes,
allergies, and even human mortality (Thiele, 1995; Liao et al., 2014;
Lewis et al., 2004; Mao et al., 2016).

Generally, many technologies have been proposed for the
remediation of heavy metal-contaminated soils, including soil
replacement, stabilization, chemical reduction, and acid washing
(Devi et al., 2023). However, these methods are expensive and
considered hazardous to the ecosystem. Therefore, it is necessary to
develop an effective and economical technique to remediate heavy
metal-contaminated soil (Taneja et al., 2023). EK remediation is an
effective technique and a low-cost method for treating heavy metal-
contaminated soil (Gu et al., 2018). According to Ren et al. (2014),
the cost of the EK process (electrical energy) was approximately
$83.3 per cubic meter of soil. Al-Hamdan and Reddy (2008) define
EK remediation as the deployment of a low-intensity direct current
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or low potential gradient to the electrodes implanted in polluted
soil.  Electrolysis, electroosmosis, electromigration, and
electrophoresis are the primary removal processes of EK remediation
(Yeung and Gu, 2011; Zhang et al., 2016; Cameselle et al., 2021;
Sathish et al., 2024). During the EK process, electrolysis produces
hydrogen gas and hydroxyl ions at the cathode and hydrogen ions
and oxygen at the anode. The anode-produced hydrogen ions
interact with the metal cations in the soil to exchange electrons.
Then, by electromigration, the desorbed metal ions move toward the
cathode where the heavy metals are precipitated as oxides,
hydroxides, carbonates, and other compounds by the hydroxyl ions
that develop at the cathode (Santhosh et al., 2024; Priyadharsan et
al., 2024). Although the heavy metals are actively precipitated
causing their removal, increased accumulation of those heavy
metals decreases the efficacy of cleanup. To accomplish successful
remediation throughout EK procedures, an EK improvement
program is frequently necessary.

In the EK approach, chelating agents and inorganic/organic acids
are frequently used to remove heavy metals from soil (Santhosh et al.,
2024). Apart from the aforementioned removable agents, washing
chemicals, such as salts and surfactants, were also utilized to reduce
surface and interfacial tension and to enhance the efficiency of heavy
metal removal (Guo et al., 2016; Prakash et al., 2021). Biosurfactants
exhibit higher biodegradability, less toxicity, and are more eco-friendly
than chemical surfactants. Accordingly, biosurfactants are more
appropriate for soil remediation. Some microorganisms (bacteria,
fungi, and yeast) can produce biosurfactants as a result of metabolic
activities (Kumar et al., 2021; Liepins et al., 2021; Tang et al., 2018).
They also produce a number of organic acids that allow it to act as a
chelating agent, increasing its potential as an electrolyte for the EK
process. Hence, the present investigation is attempted to demonstrate
the ability of bacterial biosurfactants (Pseudomonas stutzeri NA3 and
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Bacillus cereus EN6) to serve as a potential electrolyte for the EK
process in removing Cr from contaminated soil.

Methodology
Sample collection

The heavy metal-contaminated soil sample was collected from
Ranipet, Vellore, Tamil Nadu, India (latitude 12.9320°N, longitude
79.3334°E). The total Cr content of the soil was measured according
to Krishna and Philip (2005) and was found to be 10.2mg/g. This
accumulation of Cr beyond the admissible limits happened during the
operation of the facility, which produced sodium chromate, Cr salts,
and basic chromium sulfate until 1995, and later on, the factory was
closed. The samples were collected in a sterile container, transferred
to the laboratory, and stored at 4°C for further studies. A physio-
chemical characteristic of the soil elemental composition was analyzed
using the US EPA SW 846 method 3050B. The sample was analyzed
using inductively coupled plasma-mass spectrometry (ICP-MS)
following acid digestion for heavy metal analysis.

Bacterial strain and culture conditions

The bacterial strains, P. stutzeri NA3 (KU708859), which is a
Gram-negative strain, and B. cereus EN6 (KR183877), which is a
Gram-positive strain, were used in this study. These bacterial cultures
were sub-cultured on nutrient agar (NA) and incubated for 24h at
37°C. The colonies were plated using a streak plate technique until
individual cultures were obtained, after that those colonies were
inoculated in nutrient broth (pH 7.0) and then incubated for 24h at
37°C in an orbital shaker (150rpm) (Parthipan et al, 2017
Narenkumar et al., 2018; Tang et al., 2018).

Production and extraction of biosurfactant

Bacterial cultures were centrifuged at 8,000 rpm at 4°C for 10 min.
Then HCI was added to a supernatant to bring the pH level down to
2. The acidified supernatant was kept at 4°C overnight for
precipitation. The precipitate was separated by centrifugation at
8,000 rpm for 10 min. This white precipitate produced by bacterial
cultures was chosen and used to identify biosurfactants (Mahesh et al.,
2006). After identification, the biosurfactant produced by the bacteria
was extracted using a separating funnel. A total of 65mL of
chloroform, 15mL of phenol, and 50 mL of bacterial culture were
added to the separating funnel and kept at room temperature for
10 min. After separation, three layers were formed from which the
bottom layer of biosurfactant was collected and further used for
screening by different methods (the drop collapse method and the oil
spreading method).

Characterization of biosurfactant

The extracted biosurfactant was characterized using Fourier

transform  infrared  spectroscopy  (FTIR) and  gas
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chromatographic-mass spectroscopy (GC-MS). FTIR (PerkinElmer,
Nicolet Nexus-470) was used to qualitatively characterize the
functional groups of the surfactant that was extracted from P. stutzeri
NA3 and B. cereus EN6. The biosurfactant (10 mg) was mixed with
5% HCl-methanol reagent for GC-MS analysis. Using a Shimadzu
QP2010 Ultra Rtx-5Sil MS (30 m x 0.25 mm ID x 0.25 pm) GC-MS,
1 pL of the sample was injected after the reaction was quenched with
the injection of 1 mL of sterile H,O (Parthipan et al., 2017).

Electrokinetic remediation

The EK test setup and cell details are presented in Figure 1. The
EK apparatus was composed of three chambers: a soil chamber
measuring 30 x 5 x 5cm (Ixwxh) and two electrode chambers
measuring 4 x 160 x 200cm (Ixwxh) (Sarankumar et al., 2020). To
stop soil from seeping into the electrode chamber, two sheets of
cellulose filter paper were placed between the three chambers.
According to Marshall and Haverkamp (2012) and Prakash et al,,
2021), a titanium-coated iridium oxide mesh measuring 10cm in
width and 10cm in height was utilized as the anode, while stainless
steel measuring the same was utilized as the cathode electrode
(Prakash et al., 2021). This electrode was found to be corrosive-
resistant and showed better electrocatalytic activity for chlorine
estimation. Two electrolytes (biosurfactant solution) were used in the
EK testing. A total of 600g of dry soil was soaked in electrolyte
solutions in the soil chamber for 3 days before each EK test, and the
anode and cathode chambers were filled with the tested electrolytes.
For 7 days, EK analysis was carried out at a constant direct current
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FIGURE 1
FTIR spectrum of biosurfactant isolated from P. stutzeri NA3 and B.
cereus EN6.
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electric potential of 30V. In order to avoid creating a hydraulic
gradient in the soil column, fresh electrolyte solutions were introduced
to the anode chamber every 2 days and the overflowing solution was
removed from the cathode chamber during an EK procedure
(Al-Hamdan and Reddy, 2008). From the anode to the cathode side,
the soil chamber was divided into five slices, numbered EKS1 through
EKS5. Without using a pH control, all of the trials were carried out at
ambient temperature. Every day during an EK procedure, a pH
electrode was inserted directly into the soil to measure the pH of the
soil in each sliced segment (EKSI to EKS5). Following the experiment,
the sliced piece of soil (EKS1 to EKS5) was taken out of the EK
chamber, and the soil sample was finely ground using a mortar and
pestle to prepare it for X-ray diffraction (XRD) and Fourier transform
infrared (FTIR) analysis (Sarankumar et al., 2020). An inductively
coupled plasma mass spectrometer (ICP-MS) was used to analyze the
soil sample following acid digestion. Metagenomics was used to
analyze bacterial community at the end of the experiment.

Phytotoxicity assay

The phytotoxicity analysis was conducted to determine the
toxicity of the treated/untreated contaminated soil on Vigna radiata
(SathishKumar et al., 2017). A total of 10 seeds of Vigna radiata were
planted into the EK-treated/untreated soil. The seed germination
studies were conducted at room temperature, and the length of the
root and shoot from the seed was tracked throughout (Sarankumar
et al., 2020).

10.3389/fmicb.2024.1458369

Result and discussion
Biosurfactant screening

The P, stutzeri NA3 and B. cereus EN6 were found to be good
producers of biosurfactants, which were confirmed by their
biosurfactant production through multiple sub-culturing and
screening procedures. All biosurfactant screening techniques yielded
immediate positive findings for these isolates. In particular, drops
collapsing within 30s confirmed that a higher amount of the
biosurfactant was present in the solution. For initial screening, the
emulsification index was 80 and 78% for P. stutzeri NA3 and B. cereus
ENG6, generated by different
microorganisms are substrate-specific, emulsifying a wide range of

respectively.  Biosurfactants

hydrocarbons at varying speeds (Ilori et al., 2005; Parthipan et al.,
2017). In oil displacement analysis, a clear zone of 2.4cm and 2.1 cm
was observed for P. stutzeri NA3 and B. cereus ENG6, respectively. These
findings show that the cell-free culture contains biosurfactants.

Biosurfactant characterization

FTIR analysis was performed to determine the presence of a
functional group in the biosurfactant (Figure 1). The distinctive bands
at 3,309 cm™ correspond to —OH bonds (Aparna et al., 2012). The
peaks observed at 2,359cm™, 1,631 cm™, and 1,436 cm™ correspond
to the P-H, stretch of phosphines in phosphoserine and ester carbonyl
groups (-C=0 bond in COOH) (Bayoumi et al., 2010; Parthipan et al.,
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GC-MS spectrum of the biosurfactant isolated from P. stutzeri NA3 and B. cereus EN6.

2017). The absorption peaks at 1,057cm™ and 534cm™" show the
presence of the O-H (carboxylic acids) and C-I (carbon-iodine)
bonds, respectively. Based on this observation, P. stutzeri NA3 and
B. cereus EN6 were produced as biosurfactants, which is also
supported by the findings of Rodrigues et al. (2006).

GC-MS analysis

The finding from the gas chromatography study revealed (Figure 2)
that the biosurfactant extracted from both bacterial strains contains
hexadecanoic acid and methyl ester (a fatty acid). According to Kiran
etal. (2010) and Hien et al. (2013), P. stutzeri NA3 and B. cereus EN6
included fatty acids, such as hexadecanoic acid, pentanoic acid, and
methyl ester with retention times (RTs) of 17.77, 19.37, and 19.50 and
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MWs of 256, 254, and 184, respectively. According to Deshmukh et al.
(2012), Bacillus developed a biosurfactant that was essentially
lipopeptide in nature. Tsui et al. (2022) state that many organic acids
and metabolic products are produced by microorganisms; these
chemicals stay in the solution (electrolyte) and contribute to its high
conductivity. Because of this, microbes may effectively reduce the pH
of the anode and create organic acids, which can combine with heavy
metals to enhance their mobility.

Electrokinetic remediation
EK experiment for Cr (VI) remediation was conducted in the

customized cell setup as mentioned above. The ICP-MS technique was
used to evaluate the residual amounts of total Cr by EK. The level was
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FIGURE 3
X-ray diffraction patterns of the soil before and after the EK
experiment *CrOCL, *KCr;Og, and *C,HysCr,CuN40,.

found to decrease from 44,615mg/kg to 13,523 mg/kg (70%) and
11,390 mg/kg (75%) for P. stutzeri NA3 and B. cereus EN6, respectively.
As previously reported, 63.34% of Cr was removed from the soil
sections by using distilled water (Yan et al., 2023). The obtained results
showed that 75% was reduced by electrolytes (NA3 biosurfactant) in
the approach. The results revealed that Cr removal was enhanced using
biosurfactant as an electrolyte, indicating that the biosurfactant binds
to Cr (chelation) to form micelles, which enhances the electromigration
process to remove this heavy metal from the soil. It is important to note
that synthetic surfactants may have irreversible effects on soil toward
the loss of essential nutrients and organic matter. However, this
biosurfactant can overcome this disadvantage and it also has an added
advantage of using eco-friendly, biodegradable material for the
removal of heavy metals. Researchers have identified several
microorganisms as potential biosurfactants that operate extremely well
in removing heavy metals (Ayangbenro and Babalola, 2020; Lopes
et al, 2021; Ravindran et al., 2020). Earlier studies reported that
biosurfactants contain both carboxyl and hydroxyl groups, which were
able to form stable complexes with heavy metal ions, complexes such
as these facilitate heavy metal mobilization and migration.

Figure 3 shows the XRD analysis of the untreated (control) and
treated (P. stutzeri NA3 and B. cereus EN6) soil samples. Cr (VI) in
the form of CrOCI, KCr;O4, and C,H,,Cr,CuN,O; was found in the
untreated sample (initial) according to the XRD pattern. In contrast,
the EK-treated soil samples (P. stutzeri NA3) show a decreased
intensity of peaks and the presence of some other additional peaks
when compared to the control and B. cereus EN6 due to ions that
may be extracted with acid and dissolved soil components (Xue
et al., 2017). From this analysis, more contaminants were found to
be dissolved, and electro-kinetic remediation was found to be more
suitable for acid- and water-soluble ions.
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The FTIR spectrum of the before and after EK analysis (control,
P, stutzeri NA3, and B. cereus EN6) of the soil is shown in Figure 4.
In treated soil, the peak at 2,982 cm™ corresponds to the presence of
the carboxylic (C-O) group, which was due to alcohol groups being
transformed into carboxylic groups during the reduction of Cr (VI)
to Cr (IIT) (Bandara et al., 2020; Santhosh et al., 2024; Abilaji et al.,
2023a,b). The peak at 1,986cm™ may be related to the soil’s clay
mineral composition. The C-F stretch of the alkyl halide has a peak
at 1,506 cm™". A metal oxide hydroxide is indicated by narrow peaks
at 964 and 599cm™ (Anandaraj et al, 2017). Conversely, the
untreated control soil’s absorption peaks demonstrated a significant
variation in peak intensities when compared to the treated soil,
indicating that the Cr remediation process facilitated by the P. stutzeri
NA3 and B. cereus EN6 bacterial surfactants was successful.
Functional groups of lipopeptide biosurfactant bind to the Cr heavy
metal jon through chelation, complexation, and electrostatic
adsorption mechanisms. First, the heavy metal gets detached from
the contaminated soil, which then associates with biosurfactants to
form micelles (Peng et al., 2009). As a result of their low toxicity,
biodegradable
biosurfactants are gaining a great deal of attention worldwide.

nature, and low environmental footprint,

Bacterial diversity analysis

Figure 5 illustrates the relative abundance of different bacterial
phyla in two samples, labeled as initial and sample 1 (Biosurfactant
EK treatment). The plot indicates a comparison of microbial
community composition before and after EK treatment. The
initial sample shows the most abundant phylum as Proteobacteria,
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followed by Actinobacteriota, Patescibacteria, and others.
Firmicutes and other phyla (Bacteroidota, Nanoarchaeota,
Chloroflexi, etc.) were found to be present in smaller proportions.
Sample 1 shows there was a noticeable shift in the microbial
community composition. Proteobacteria and Firmicutes show
significant changes, with Firmicutes becoming much more
dominant in sample 1. Other phyla, such as Actinobacteriota and
Patescibacteria, exhibit variations in their relative abundances.
Bio-electrokinetic remediation is an emerging technology that
combines bioremediation and EKs to enhance the removal of
heavy metals, such as Cr, from contaminated soils. This approach
leverages microbial activity and the application of electric fields
to mobilize and degrade contaminants. The observed changes in
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microbial community structure between the initial and BEK
samples were crucial for understanding the effectiveness of
bio-electrokinetic remediation. Specific bacterial phyla, such as
Proteobacteria and Firmicutes, were known to play vital roles in
metal reduction and detoxification processes. Studies have shown
that certain strains of Proteobacteria can reduce Cr(VI) to the less
toxic Cr(III), facilitating its removal from the soil (Zhu et al,,
2017). The application of an electric field can increase the mobility
of Cr ions in the soil, making them more accessible to microbial
degradation. This process can also enhance the transport of
nutrients and electron donors to the microbial populations,
boosting their activity and efficiency (Acar and Alshawabkeh,
1993, Arulpraksh et al., 2021). The integration of bioremediation

frontiersin.org


https://doi.org/10.3389/fmicb.2024.1458369
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Narenkumar et al.

with EK techniques can result in synergistic effects, leading to
improved remediation outcomes compared to traditional methods.

In the class level of bacterial diversity, the initial sample was found
to have the most abundant class as Gammaproteobacteria, followed by
Alphaproteobacteria, Bacilli, and others. Clostridia, Saccharimonadia,
and other classes (Acidimicrobiia, Actinobacteria, etc.) were present in
smaller proportions. In sample 1, there was a noticeable shift in the
microbial community composition. Alphaproteobacteria and Bacilli
show significant changes, with Bacilli becoming more dominant in
sample 1. Other classes, such as Clostridia and Saccharimonadia,
exhibit variations in their relative abundances.

Whereas in the order level, in the initial sample, the most abundant
order was “Others,” followed by Acidithiobacillales, Bacillales, and
Other orders,
Balneolales, and others, were present in smaller proportions. In sample

Pseudomonadales. such as Saccharimonadales,
1, there was a noticeable shift in the microbial community
composition. Pseudomonadales and Bacillales show significant
changes, with Pseudomonadales becoming much more dominant in
Other Acidithiobacillales and
Saccharimonadales, exhibit variations in their relative abundances. The

sample 1. orders, such as
observed changes in microbial community structure between the
initial and EK samples are crucial for understanding the effects of
specific treatments or environmental changes. This is particularly
relevant in the context of bioremediation, where microbial
communities play a vital role in degrading and detoxifying
contaminants. The shift in microbial community composition suggests
that the treatment or condition applied to sample 1 has influenced the
relative abundance of different bacterial orders. Pseudomonadales,
known for their versatile metabolic capabilities and resistance to heavy
metals, have become more dominant in sample 1. This indicates their
potential role in bioremediation processes (Mrozik et al., 2010). The
decrease in Acidithiobacillales, which were typically associated with
acidic environments and sulfur metabolism, might indicate a change
in environmental conditions or the successful removal of specific
contaminants that these bacteria thrive on Johnson and Hallberg
(2009). Pseudomonadales: Pseudomonas species were well-known for
their ability to degrade a wide range of organic pollutants and heavy
metals. Their increased abundance in sample 1 suggests their active
role in the bioremediation process. Recent studies have highlighted
their effectiveness in Cr reduction and detoxification (Raja et al.,
2020). Bacillales: The members of this order, including Bacillus species,
were also important in bioremediation due to their ability to produce
spores, which make them resilient in harsh conditions. They can also
produce enzymes that degrade pollutants (Miiller et al., 2012).

At the genus level, the results showed that in the initial sample, the
most abundant group is “Others,” followed by TX1A-55, Bacillus, and
Halomonas. Other genera, such as Alcanivorax, Aliidiomarina, and
others, were present in smaller proportions. In sample 1, there was a
noticeable shift in the microbial community composition. Bacillus and
Halomonas show significant changes, with Bacillus becoming more
dominant in sample 1. Other genera, such as TX1A-55 and
Alcanivorax, exhibited variations in their relative abundances.
Halomonas bacteria were known for their ability to survive in high-
salinity environments and their potential in bioremediation of saline
and heavy metal-contaminated sites (Nieto et al., 1993).

At the species level, the most abundant group was Others, indicating
a diverse set of species that were not individually listed. Specific species,
such as Pseudomonas sp. S-6-2, Paenibacillus sp. and Polygonibacillus
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indicireducens, were present in smaller proportions. In sample 1, there
was a noticeable shift in the microbial community composition. The
diversity seems to decrease, with specific species, such as Polygonibacillus
indicireducens, Pseudomonas sp. S-6-2, and Lysinibacillus sp. YS11,
becoming more prominent. Lysinibacillus spp. known for their ability to
produce spores and survive in harsh environments. Lysinibacillus
species have shown potential in heavy metal bioremediation (Raja et al.,
2020). They can reduce toxic metals and facilitate their removal from
contaminated environments. Paenibacillus spp. are known for their
nitrogen-fixing abilities and production of antimicrobial compounds.
They also play a crucial role in the degradation of organic pollutants and
bioremediation (Grady et al., 2016).

Phytotoxicity assay

The phytotoxicity of untreated and treated plants was evaluated
by Vigna radiata. The untreated soil showed no germination,
whereas the P stutzeri NA3 biosurfactant solution showed 95%
germination, whereas 70% of the B. cereus EN6 solution did the
same. This was confirmed by measuring the length of the shoot and
root in the appropriate soil. It is confirmed that the treated P. stutzeri
NA3 biosurfactant solution grows the seeds more effectively than
the B. cereus EN6 and untreated soil because the treated soil was less
hazardous. This method serves as a potential electrolyte for the EK
process for the remediation of Cr from contaminated soil.

Conclusion

Biosurfactant was determined to be a novel electrolyte for removing
Cr from soil through an EK process. The study’s findings showed that
at the end (7 days) of the EK process, P. stutzeri NA3 biosurfactant
exhibited significantly higher Cr removal efficiency (75%) than B. cereus
ENG6 (70%). From the phytotoxicity assay, P. stutzeri NA3 biosurfactant
solution showed 95% seed germination. Hence, it can be said that
modifications to the microbial community structure result in an
increase in the efficacy of heavy metal removal and that NA3
biosurfactant may be used as an electrolyte for EK applications.
However, further investigation is required to determine whether
biosurfactants can be used to remove other emerging pollutants.

Data availability statement

The original contributions presented in the study are included in
the article/supplementary material, further inquiries can be directed
to the corresponding authors.

Author contributions

JN: Project administration, Writing — review & editing, Writing
- original draft. BD: Writing - review & editing, Formal analysis. SA:
Writing - review & editing, Data curation. SK: Writing - review &
editing, Validation, Formal analysis. MA: Writing - review & editing,
Validation, Funding acquisition, Formal analysis. SD: Writing -
review & editing, Validation, Investigation, Formal analysis. RA:

frontiersin.org


https://doi.org/10.3389/fmicb.2024.1458369
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Narenkumar et al.

Writing - review & editing, Validation, Resources, Formal analysis.
TM: Writing - review & editing, Supervision.

Funding

The author(s) declare that financial support was received for the
research, authorship, and/or publication of this article. The authors
express their sincere appreciation to the Researchers Supporting
Project Number (RSP2024R398), King Saud University, Riyadh, Saudi
Arabia. The authors also thank the Department of Science and
Technology, Government of India for the award of National
Postdoctoral Fellow (PDF/2022/001253).

Acknowledgments

The authors express their sincere appreciation to the Researchers
Supporting Project Number (RSP2024R398), King Saud University,
Riyadh, Saudi Arabia. The authors also thank the Department of

References

Abilaji, S., Narenkumar, J., Das, B., Suresh, S., Rajakrishnan, R., Sathishkumar, K., et al.
(2023a). Electrochemical oxidation of azo dyes degradation by RuO,-IrO,-TiO, electrode
with biodegradation Aeromonas hydrophila AR1 and its degradation pathway: an
integrated approach. Chemosphere 345:140516. doi: 10.1016/j.chemosphere.2023.140516

Abilaji, S., Sathishkumar, K., Narenkumar, J., Alsalhi, M. S., Devanesan, S.,
Parthipan, P, et al. (2023b). Sequential photo electro oxidation and biodegradation of
textile effluent: elucidation of degradation mechanism and bacterial diversity.
Chemosphere 331:138816. doi: 10.1016/j.chemosphere.2023.138816

Acar, Y. B., and Alshawabkeh, A. N. (1993). Principles of electrokinetic remediation.
Environ. Sci. Technol. 27, 2638-2647. doi: 10.1021/es00049a002

Al-Hamdan, A. Z., and Reddy, K. R. (2008). Electrokinetic remediation modeling
incorporating geochemical effects. Journal of geotechnical and geoenvironmental
engineering 134, 91-105.

Anandaraj, A., Eswaramoorthi, S., Rajesh, T. P, Aravind, J., and Suresh Babu, P.
(2017). Chromium (VI) adsorption by Codium tomentosum: evidence for adsorption by
porous media from sigmoidaldose-response curve. Int. J. Environ. Sci. Technol. 15,
2595-2606. doi: 10.1007/s13762-017-1488-7

Aparna, A., Srinikethan, G., and Smitha, H. (2012). Production and characterization
of biosurfactant produced by a novel Pseudomonas sp. 2B. Colloids Surf. B 95, 23-29.
doi: 10.1016/j.colsurfb.2012.01.043

Ayangbenro, A. S., and Babalola, O. O. (2020). Genomic analysis of Bacillus cereus
NWUABOI and its heavy metal removal from polluted soils. Sci. Rep. 10:19660. doi:
10.1038/s41598-020-75170-x

Bandara, P. C,, Pefia-Bahamonde, J., and Rodrigues, D. E. (2020). Redox mechanisms
of conversion of Cr (VI) to Cr (III) by graphene oxide-polymer composite. Sci. Rep.
10:9237. doi: 10.1038/s41598-020-65534-8

Bayoumi, R. A., Haroun, B. M., Ghazal, E. A., and Mahe, Y. A. (2010). Structural
analysis and characterization of biosurfactants produced by some crude oil utilizing
bacterial strains. Aust. J. Basic Appl. Sci. 4, 3484-3498.

Blue, M. Chromium (VI) Reduction, and Antibacterial Efficacy. Water, Air, Soil Pollut.
235:309. doi: 10.1007/s11270-024-07120-6

Cameselle, C., Gouveia, S., and Cabo, A. (2021). Enhanced electrokinetic remediation
for the removal of heavy metals from contaminated soils. Applied Sciences 11:1799.

Deshmukh, C., Jagtap, C. B., Titus, S., and Kumar, P. (2012). Isolation and
characterization of fatty acid esters and phosphatidylethanolamine surfactants from a
consortium of marine bacteria. Indian J. Geomarine sci. 41, 398-404.

Devi, A., Verma, M., Saratale, G. D,, Saratale, R. G., Ferreira, L. F. R., Mulla, S. I, et al.
(2023). Microalgae: a green eco-friendly agents for bioremediation of tannery
wastewater with simultaneous production of value-added products. Chemosphere
336:139192. doi: 10.1016/j.chemosphere.2023.139192

Fonseca, B., Pazos, M., Tavares, T., and Sanroman, M. A. (2012). Removal of hexavalent
chromium of contaminated soil by coupling electrokinetic remediation and permeable
reactive biobarriers. Environ. Sci. Pollut. Res. Int. 19, 1800-1808. doi: 10.1007/
511356-011-0694-y

Frontiers in Microbiology

10.3389/fmicb.2024.1458369

Science and Technology, Government of India for the award of
National Postdoctoral Fellow (PDF/2022/001253).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

The reviewer VR declared a past co-authorship with the authors
JN and RA to the handling editor.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Grady, E. N, Mac Donald, J., Liu, L., Richman, A., and Yuan, Z. C. (2016). Current
knowledge and perspectives of Paenibacillus: a review. Microb. Cell Factories 15:203. doi:
10.1186/512934-016-0603-7

Gu, Y., Yeung, A. T, and Li, H. (2018). Enhanced electrokinetic remediation of
cadmium-contaminated natural clay using organophosphonates in comparison with
EDTA. Chin. J. Chem. Eng. 26, 1152-1159. doi: 10.1016/j.cjche.2017.10.012

Guo, X., Wei, Z., Wu, Q, Li, C,, Qian, T, and Zheng, W. (2016). Effect of soil washing
with only chelators or combining with ferric chloride on soil heavy metal removal and
phytoavailability: field experiments. Chemosphere 147, 412-419. doi: 10.1016/j.
chemosphere.2015.12.087

Hien, L. T, Yen, N. T,, and Nga, W. T. (2013). Biosurfactant-producing Rhodococcus
ruber TD2 isolated from oil polluted water in Vung Tau coastal zone. Acad. J. Biol. 35,
454-460. doi: 10.15625/0866-7160/v35n4.3775

Tlori, M. O., Amobi, A. C., and Odocha, A. C. (2005). Factors affecting biosurfactant
production by oil degrading Aeromonas spp. isolated from a tropical environment.
Chemosphere 61, 985-992. doi: 10.1016/j.chemosphere.2005.03.066

Johnson, D. B., and Hallberg, K. B. (2009). Carbon, iron and sulfur metabolism in
acidophilic microorganisms. Adv. Microb. Physiol. 54, 201-255. doi: 10.1016/
S0065-2911(08)00003-9

Kiran, G. S., Thomas, T. A., Selvin, J., Sabarathnam, B., and Lipton, A. P. (2010).
Optimization and characterization of a new lipopeptide biosurfactant produced by
marine Brevibacterium aureum MSA13 in solid state culture. Bioresour. Technol. 101,
2389-2396. doi: 10.1016/j.biortech.2009.11.023

Krishna, K. R., and Philip, L. (2005). Bioremediation of Cr (VI) in contaminated soils.
J. Hazard. Mater. 121, 109-117. doi: 10.1016/j.jhazmat.2005.01.018

Kumar, A., Singh, S. K., Kant, C., Verma, H., Kumar, D., Singh, P. P, et al. (2021).
Microbial biosurfactant: a new frontier for sustainable agricultural and pharmaceutical
industries. Antioxidants 10:1472. doi: 10.3390/antiox10091472

Lewis, L. K,, Storici, E, Van Komen, S., Calero, S., Sung, P, and Resnick, M. A. (2004). Role
of the nuclease activity of Saccharomyces cerevisiae Mre 11 in repair of DNA double-strand
breaks in mitotic cells. Genetics 166, 1701-1713. doi: 10.1534/genetics.166.4.1701

Liao, Y. P, Zhang, D., Zhou, W,, Meng, E. M., Bao, M. S, Xiang, P, et al. (2014).
Combined folate gene MTHFD and TC polymorphisms as maternal risk factors for
down syndrome in China. Genet. Mol. Res. 13, 1764-1773. doi: 10.4238/2014.March.17.4

Liepins, J., Balina, K., Soloha, R., Berzina, I, Lukasa, L. K., and Dace, E. (2021).
Glycolipid biosurfactant production from waste cooking oils by yeast: review of substrates,
producers and products. Fermentation 7:136. doi: 10.3390/fermentation7030136

Lopes, C. S. C., Teixeira, D. B., Braz, B. E, Santelli, R. E., de Castilho, L. V. A,,
Gomez, J. G. C,, et al. (2021). Application of rhamnolipid surfactant for remediation of
toxic metals of long and short-term contaminated sites. Int. J. Environ. Sci. Technol. 18,
575-588. doi: 10.1007/s13762-020-02889-5

Mabhesh, N., Murugesh, S., and Mohana Srinivasan, V. (2006). Determination of
presence of Biosurfactant produced by the bacteria present in the soil samples. Research
Journal of Microbiology. 1, 339-345.

frontiersin.org


https://doi.org/10.3389/fmicb.2024.1458369
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1016/j.chemosphere.2023.140516
https://doi.org/10.1016/j.chemosphere.2023.138816
https://doi.org/10.1021/es00049a002
https://doi.org/10.1007/s13762-017-1488-7
https://doi.org/10.1016/j.colsurfb.2012.01.043
https://doi.org/10.1038/s41598-020-75170-x
https://doi.org/10.1038/s41598-020-65534-8
https://doi.org/10.1007/s11270-024-07120-6
https://doi.org/10.1016/j.chemosphere.2023.139192
https://doi.org/10.1007/s11356-011-0694-y
https://doi.org/10.1007/s11356-011-0694-y
https://doi.org/10.1186/s12934-016-0603-7
https://doi.org/10.1016/j.cjche.2017.10.012
https://doi.org/10.1016/j.chemosphere.2015.12.087
https://doi.org/10.1016/j.chemosphere.2015.12.087
https://doi.org/10.15625/0866-7160/v35n4.3775
https://doi.org/10.1016/j.chemosphere.2005.03.066
https://doi.org/10.1016/S0065-2911(08)00003-9
https://doi.org/10.1016/S0065-2911(08)00003-9
https://doi.org/10.1016/j.biortech.2009.11.023
https://doi.org/10.1016/j.jhazmat.2005.01.018
https://doi.org/10.3390/antiox10091472
https://doi.org/10.1534/genetics.166.4.1701
https://doi.org/10.4238/2014.March.17.4
https://doi.org/10.3390/fermentation7030136
https://doi.org/10.1007/s13762-020-02889-5

Narenkumar et al.

Mao, X. Y, Han, E. X. X, Shao, X. H., Guo, K., McComb, J., Arslan, Z., et al. (2016).
Electro-kinetic remediation coupled with phytoremediation to remove lead, arsenic and
cesium from contaminated paddy soil. Ecotoxicol. Environ. Saf. 125, 16-24. doi:
10.1016/j.ecoenv.2015.11.021

Marshall, A. T., and Haverkamp, R. G. (2012). Nanoparticles of IrO 2 or Sb-SnO 2
increase the performance of iridium oxide DSA electrodes. Journal of Materials Science
47,1135-1141.

Mrozik, A., Piotrowska-Seget, Z., and Labuzek, S. (2010). Bacterial degradation and
bioremediation of polycyclic aromatic hydrocarbons. Pol. J. Environ. Stud. 12, 15-25.

Miiller, S., Strauber, H., and Babel, W. (2012). Fate of heavy metals in a composting
process. Ann. Microbiol. 57, 427-433.

Mulligan, C. N,, Yong, R. N., and Gibbs, B. . (2001). An evaluation of technologies
for the heavy metal remediation of dredged sediments. J. Hazard. Mater. 85, 145-163.
doi: 10.1016/50304-3894(01)00226-6

Muthukkauppan, M., and Parthiban, P. (2018). A study on the physicochemical
characteristics of tannery effluent collected from Chennai. Int. Res. J. Eng. Technol. 5, 24-28.

Narenkumar, J., Ramesh, N., and Rajasekar, A. (2018). Control of corrosive bacterial
community by bronopol in industrial water system. 3 Biotech 8, 1-13.

Nieto, J. J., Fernandez-Castillo, R., Garcia, M. T., Mellado, E., and Ventosa, A. (1993).
Survey of antimicrobial susceptibility of moderately halophilic eubacteria and extremely
halophilic aerobic archaeobacteria: utilization of antimicrobial resistance as a genetic
marker. Systematic and applied microbiology 16, 352-360.

Nieto, J. J., Fernandez-Castillo, R., Marquez, M. C., and Ventosa, A. (2000).
“Halomonadaceae” in Bergey’s manual of systematics of archaea and bacteria.

Parthipan, P, Preetham, E., Machuca, L. L., Rahman, P. K., Murugan, K., and Rajasekar, A.
(2017). Biosurfactant and degradative enzymes mediated crude oil degradation by bacterium
Bacillus subtilis A1. Front. Microbiol. 8:193. doi: 10.3389/fmicb.2017.00193

Peng, J. E, Song, Y. H., Yuan, P, Cui, X. Y., and Qiu, G. L. (2009). The remediation of
heavy metals contaminated sediment. J. Hazard. Mater. 161, 633-640. doi: 10.1016/j.
jhazmat.2008.04.061

Prakash, A. A., Rajasekar, A., Sarankumar, R. K., AlSalhi, M. S., Devanesan, S.,
Aljaafreh, M. J,, et al. (2021). Metagenomic analysis of microbial community and its role
in bioelectrokinetic remediation of tannery contaminated soil. J. Hazard. Mater.
412:125133. doi: 10.1016/j.jhazmat.2021.125133

Priyadharsan, A., Ramar, K., Handayani, M., Kasilingam, T., Gnanamoorthy, G.,
Shaik, M. R,, et al. (2024). Hydrothermal Green Synthesis of Aloe Vera Gel-Biotemplated
Iron Oxide Nanoparticles for Robust Photocatalytic Degradation of

Raja, C. E., Anbazhagan, K., and Selvam, G. S. (2020). Bioremediation of heavy metals
from contaminated soil using Pseudomonas species. Indian J. Exp. Biol. 58, 55-62.

Ravindran, A., Sajayan, A., Priyadharshini, G. B., Selvin, J., and Kiran, G. S. (2020).
Revealing the efficacy of thermostable biosurfactant in heavy metal bioremediation and
surface treatment in vegetables. Front. Microbiol. 11:222. doi: 10.3389/fmicb.2020.
00222

Ren, L., Lu, H., He, L., and Zhang, Y. (2014). Enhanced electrokinetic technologies
with oxidization-reduction for organically-contaminated soil remediation. Chem. Eng.
J. 217, 111-124. doi: 10.1016/j.cej.2014.02.107

Rodrigues, L. R., Teixeira, J. A., Van Der Mei, H. C., and Oliveira, R. (2006). Isolation
and partial characterization of a biosurfactant produced by Streptococcus thermophilus
A. Colloids Surf. B 53, 105-112. doi: 10.1016/j.colsurfb.2006.08.009

Frontiers in Microbiology

10

10.3389/fmicb.2024.1458369

Sathish, S., Kumar, K. S. U. S., Prabu, D., Karthikeyan, M. D. V,, et al. (2024). Metal
organic framework anchored onto biowaste mediated carbon material (rGO) for
remediation of chromium (VI) by the photocatalytic process. Chemosphere 357:141963.
doi: 10.1016/j.chemosphere.2024.141963

Sathishkumar, K., Sathiyaraj, S., Parthipan, P, Akhil, A., Murugan, K., and
Rajasekar, A. (2017). Electrochemical decolorization of methyl red by RuO2-IrO2-TiO2
electrode and biodegradation with Pseudomonas stutzeri MN1 and Acinetobacter
baumannii MN3: An integrated approach. Chemosphere 183, 204-211.

Santhosh, S., Abilaji, S., AlSalhi, M. S., Devanesan, S., Narenkumar, J., Rajamohan, R.,
etal. (2024). Remediation of azodye contaminated soil by electrokinetics. J. Taiwan Inst.
Chem. Eng.:105262. doi: 10.1016/j.jtice.2023.105262

Sarankumar, R. K., Selvi, A., Murugan, K., and Rajasekar, A. (2020). Electrokinetic
(EK) and bio-electrokinetic (BEK) remediation of hexavalent chromium in
contaminated soil using alkalophilic bio-anolyte. Indian Geotechnical Journal 50,
330-338.

Taneja, S., Karaca, O., and Haritash, A. K. (2023). Combined effects of high voltage
gradient and electrolyte conditioning on electrokinetic remediation for chromium (VI)-
contaminated soils. Rend. Fis. Acc. Lincei 34, 635-646. doi: 10.1007/s12210-023-01159-z

Tang, J., He, ], Xin, X., Hu, H., and Liu, T. (2018). Biosurfactants enhanced heavy
metals removal from sludge in the electrokinetic treatment. Chem. Eng. J. 334,
2579-2592. doi: 10.1016/j.cej.2017.12.010

Thiele, D. J. (1995). Metal detoxification in eukaryotic cells. Washington, DC: Crisp
Data Base of National Institute of Health.

Thiripelu, P., Manjunathan, J., Revathi, M., and Ramasamy, P. (2024). Removal of
hexavalent chromium from electroplating wastewater by ion-exchange in presence
of Ni(Il) and Zn(II) ions. J. Water Process Eng. 58:104815. doi: 10.1016/j.
jwpe.2024.104815

Tsui, L., Paul, A., Chen, Y. T., and Tz-Chi, E. (2022). Potential mechanisms
contributing to the high cadmium removal efficiency from contaminated soil by using
effective microorganisms as novel electrolyte in electrokinetic remediation applications.
Environ. Res. 215:114239. doi: 10.1016/j.envres.2022.114239

Wang, Z., He, X, Li, X,, Chen, L., Tang, T., Cui, G., et al. (2023). Long-term stability
and toxicity effects of three-dimensional electrokinetic remediation on chromium-
contaminated soils. Environ. Pollut. 337:122461. doi: 10.1016/j.envpol.2023.122461

Xue, E, Yan, Y., Xia, M., Muhammad, F,, Yu, L., Xu, F, et al. (2017). Electro-kinetic
remediation of chromium-contaminated soil by a three-dimensional electrode
coupled with a permeable reactive barrier. RSC Adv. 7, 54797-54805. doi: 10.1039/
C7RA10913]

Yan, Y, Ling, Z., Shu, W,, Huang, T., and Crane, R. (2023). Chromium removal from
contaminated soil using a novel FeOx/granular activated carbon-based three-
dimensional electrokinetic system. Chem. Eng. J. 455:140613. doi: 10.1016/j.
Cej.2022.140613

Yeung, A. T, and Gu, Y. Y. (2011). A review on techniques to enhance electrochemical
remediation of contaminated soils. Journal of hazardous materials 195, 11-29.

Zhang, P, Jin, C., Sun, Z., Huang, G., and She, Z. (2016). Assessment of acid
enhancement schemes for electrokinetic remediation of Cd/Pb contaminated soil.
Water, Air, & Soil Pollution 227, 1-12.

Zhu, W., Wang, D., Li, X,, and Zhao, Y. (2017). Chromium (VI) reduction by
Ochrobactrum anthropi: mechanisms and implications for bioremediation. Chemosphere
173, 295-305.

frontiersin.org


https://doi.org/10.3389/fmicb.2024.1458369
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1016/j.ecoenv.2015.11.021
https://doi.org/10.1016/S0304-3894(01)00226-6
https://doi.org/10.3389/fmicb.2017.00193
https://doi.org/10.1016/j.jhazmat.2008.04.061
https://doi.org/10.1016/j.jhazmat.2008.04.061
https://doi.org/10.1016/j.jhazmat.2021.125133
https://doi.org/10.3389/fmicb.2020.00222
https://doi.org/10.3389/fmicb.2020.00222
https://doi.org/10.1016/j.cej.2014.02.107
https://doi.org/10.1016/j.colsurfb.2006.08.009
https://doi.org/10.1016/j.chemosphere.2024.141963
https://doi.org/10.1016/j.jtice.2023.105262
https://doi.org/10.1007/s12210-023-01159-z
https://doi.org/10.1016/j.cej.2017.12.010
https://doi.org/10.1016/j.jwpe.2024.104815
https://doi.org/10.1016/j.jwpe.2024.104815
https://doi.org/10.1016/j.envres.2022.114239
https://doi.org/10.1016/j.envpol.2023.122461
https://doi.org/10.1039/C7RA10913J
https://doi.org/10.1039/C7RA10913J
https://doi.org/10.1016/j.cej.2022.140613
https://doi.org/10.1016/j.cej.2022.140613

	Biosurfactant-assisted bio-electrokinetic enhanced remediation of heavy metal-contaminated soil
	Introduction
	Methodology
	Sample collection
	Bacterial strain and culture conditions
	Production and extraction of biosurfactant
	Characterization of biosurfactant
	Electrokinetic remediation
	Phytotoxicity assay

	Result and discussion
	Biosurfactant screening
	Biosurfactant characterization
	GC-MS analysis
	Electrokinetic remediation
	Bacterial diversity analysis
	Phytotoxicity assay

	Conclusion

	References

