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Abstract

The increasing soil contamination by petroleum hydrocarbons has serious consequences for crop
quality, eventually affecting public health and human nutrition. This study evaluates the remediation
potential of bio-agents in petroleum-contaminated soil. The phytoremediation approach was facilitated
by bio-absorbents (charcoal and rice husk ash, “RHA”) and bio-stimulants (plantain-based organic
manure, “PBS”, algae-based organic manure, “ABS”, and seaweed extract-based organic manure,
“SBS”). During the study, the total petroleum hydrocarbons (TPH), heavy metals, hydrocarbon-
utilizing bacteria (HUB), and hydrocarbon-utilizing fungi (HUF) levels were measured by following
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the recommended American Society for Testing and Materials (ASTM) guidelines. Additionally, the

High-Performance Liquid Chromatography (HPLC) approach determined the tomato fruit’s nutritive

qualities. The results illustrated that the appropriate combination of the treatment units substantially

increased the tomato plant’s phytoremediation, dietetic, and therapeutic qualities. It was observed that

the TPH phytoremediation efficiencies were lowest in the setups that used only charcoal and RHA, at
16.80 and 19.76%, respectively. Outstandingly, the bio-agents extensively increased the HUB and HUF

survival, in addition to substantial increments in the fruit’s vitamin B, vitamin C, carotenoids, and

phytochemical concentrations. This study’s findings underscored the prospect of utilizing sustainable

agricultural materials to address environmental contamination issues and improve crop dietetic and

therapeutic characteristics.
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Introduction

Environmental pollution poses substantial challenges
to food production and security. Environmental
degradation linked to pollution tends to adversely
affect human, crop, and animal productivity, resulting
in a decline in food production [1-3]. Pollution hazards
substantially retard plants’ and animals’ functionality,
particularly in comestible and pharmaceutical plants,
whose parts are used for dietary and medical purposes
primarily due to their large volume of essential bioactive
compounds [4]. Toxins and contaminants linked to
domestic and industrial waste materials cause rapid soil
and air quality deterioration. This leads to a decline
in crop and animal yields and contamination of their
products with poisonous residues. Contaminants build
up in the food chain, potentially altering their nutritional
and microbiological compositions, posing severe hazards
to consumers’ health, and causing serious ailments [5].
This hinders the improvement of human performance,
food security, and agricultural productivity [6].

Studies have demonstrated that crude oil and its
derivatives can significantly increase both heavy metal
and petroleum hydrocarbon concentrations in both
soil and water. Hydrocarbon contamination results in
anoxic conditions, which weaken soil fertility, reduce
microbial survival, and ultimately impede plant growth
[5, 7, 8]. Hydrocarbons and heavy metals are persistent
contaminants, causing longstanding challenges to both
the bionetworks and human beings. The persistence
of pollutants in the environment can be linked to their
chemical stability, degradation resistance, and potential
to accumulate within the food chain [1]. Heavy metal
(HM) toxicity tends to disrupt the endocrine system,
impair reproductive health, and lead to neurological
disorders in humans and wildlife [3, 9]. As stated by
Massanyi [10], persistent exposure to toxic metals has
health complications, such as diminished cognitive
abilities, learning disabilities, behavioral problems, and
even permanent brain damage. Petroleum hydrocarbons
(PHs), potent environmental contaminants, consist
of aliphatic and aromatic hydrocarbons. Typically,
petroleum hydrocarbons are the major constituents in
gasoline, diesel, lubricating oils, and other petroleum-

derived products. Remarkably, prolonged exposure to
these pollutants has been associated with serious health
issues, including respiratory complications, kidney
failure, cancer, and neurological problems [11, 12].

Hydrocarbons have a major impact on crops'
nutritional value. Certain hydrocarbons can disrupt
plant metabolism, leading to the formation of toxic
metabolites, which can adversely affect plant health and
reduce their nutritional content [13, 14]. PHs interfere
with crucial metabolic processes in plants, such as
photosynthesis and respiration. This disruption causes
oxidative stress, which can correlate to the buildup of
reactive oxygen species (ROSs) and other potentially
harmful compounds within the plant’s body [15, 16].
Pollution from PH disrupts the plant's cellular structure,
damages parenchyma tissue, and prevents root mitotic
activity. Prolonged exposure to hydrocarbon pollution
reduces plant biodiversity, negatively affecting crop
yields, medicinal properties, and nutritional profiles
[17]. Haider [18] reported that hydrocarbons reduce the
essential nutrient content in plant tissues by disrupting
key physiological processes. These compounds, like
vitamins, antioxidants, and amino acids, are crucial
for the plant's defense mechanisms and medicinal
properties.

Previous studies have shown that toxic heavy metals
have severe effects on crop growth and performance,
as well as the utilization of their products [2,3]. HM
poisoning interferes with the plant’s chlorophyll
formation, resulting in reduced growth and productivity.
This situation adversely affects the plant's nutritional
and medicinal properties, rendering it less appropriate
for human consumption [19, 20]. The World Health
Organization (WHO) and other regulatory bodies’ safety
guidelines specify that the maximum concentration
of lead (Pb), cadmium (Cd), copper (Cu), zinc (Zn),
chromium (Cr), and nickel (Ni) in the soil should not
exceed 85, 0.8, 36, 50, 100, and 35 ppm, respectively.
Similarlyy, WHO/FAO and Codex Alimentarius
recommend that the maximum allowable Pb, Cr, Cd,
Cu, Ni, and Zn concentrations in a plant’s body should
be 0.3, 0.25, 0.1, 73, 67.9, and 100 ppm, respectively
[20]. Plants subjected to prolonged HM contamination
usually have lower vitamin and antioxidant proportions
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(concentrations), leading to lower medicinal and
nutritive values. These actions largely compromise the
plant’s health benefits, resulting from the reduction of
essential nutrients and bioactive compounds [4]. Toxic
element (heavy metal) pollution has a significant sway
on the potency of therapeutic plants, as these pollutants
disrupt the plant’s physiological, mechanical, and
biochemical processes, resulting in a substantial decline
in their medicinal efficacy [9, 21].

Health issues related to crude oil pollution
emphasized the necessity to minimize human exposure
to these substances, hydrocarbons, and heavy metals,
especially in areas impacted by oil spills and regions
where petroleum product effects have not been
adequately remediated. To degrade or remove these
contaminants from polluted sites, remediation techniques
including bioremediation and phytoremediation are
being studied and implemented [22-24]. These methods
utilize biological processes and plant systems to
rehabilitate contaminated soils and water, providing
eco-friendly and cost-effective alternatives to chemical-
based techniques [21]. The remediation method
chosen for any contaminated environment depends on
numerous factors, including the cost of remediating
agents, the types of pollutants, and their concentration
[13]. Certain bacteria and fungi, such as Pseudomonas,
Alcanivorax, and Mycobacterium, possess the capability
to metabolize complex PHs, degrading them into
simpler and less toxic compounds. This biodegradation
process is enhanced by the presence of organic materials
(humus) and sufficient moisture in the soil, which
provide the necessary nutrients and environment for
microbial activity [23, 25]. Rice husk and its by-products
support the phytoremediation of toxic elements and PHs
and also improve the reproduction of hydrocarbon-
utilizing bacteria (HUBs) and hydrocarbon-utilizing
fungi (HUFs) [26]. Typically, bio-stimulants facilitate
rapid plant growth, improving the efficiency of the
phytoremediation approach. This is because the plants
tend to have a greater capacity to absorb, accumulate,
and/or degrade complex contaminants, such as crude
oil, in polluted soils.

Although the phytoremediation capacities of
many plants have been extensively studied, the use of
tomato plants as phytoremediation agents has not been
comprehensively explored. Consequently, this study
investigates the effect of hybridized bio-stimulants
and bio-absorbents on microbial remediation of crude
oil-polluted soil. It utilizes High-Performance Liquid
Chromatography (HPLC) to determine the nutritional
content of the tomato fruit grown under these conditions.
This approach facilitates understanding how bio-
absorbents and bio-stimulants can enhance soil recovery
while simultaneously preserving or even improving
the crops' nutritional quality during the pollution
remediation process.

Materials and Methods
Soil Sample

The contaminated soil used in the study was sourced
from an oil spill site located in the creeks of Delta
State, southern Nigeria, where a crude oil spill occurred
in mid-2023. The topsoil used for this research was
collected within a depth of 0 to 0.5 m, and about 500 kg
of soil was collected from the polluted site based on the
experimental design. This sampling depth was selected
as it represents the potential root zone for the majority of
arable crops.

Bio-absorbent

Wood charcoal and rice husk ash (RHA) were
the bio-absorbents used in this study to enhance the
phytoremediation process. Notably, incorporating
suitable bio-absorbents into phytoremediation helps
boost plant growth and performance, leading to an
overall increment in remediation efficiency.

Bio-stimulant Preparation

Bio-stimulant 1: Plantain Peel-
based Organic Manure (PBS)

This bio-stimulant was created by composting a
blend of plantain peel by-products, cattle dung, and
eggshells, mixed in a ratio of 6:3:1 (by mass) over
a period of 2 months. Additionally, the by-products
derived from plantain peels comprised 60% fresh
plantain peels and 40% plantain peel ash (by mass).

Bio-stimulant 2: Algae-based Organic Manure (ABS)

The ABS was produced by composting a mixture of
algae and cattle dung. The algae were harvested from
a freshwater pond enriched with sawdust. The leaves
were then dried and blended with cattle dung in a ratio
of 30 to 70% by weight. The mixture was subsequently
composted for 8 weeks using the aerated static pile
composting technique.

Bio-stimulant 3: Seaweed Extract-
based Organic Manure (SBS)

This bio-stimulant was prepared by composting a
mixture of seaweed extract and cattle dung in a 20:80
ratio by weight, using the aerated static pile composting
method for 2 months.

Preliminary Remediation

Physical remediation through the use of charcoal
blocks was used to weaken the toxicity of the crude oil
on the tomato plant. The charcoal blocks were carefully
inserted into the containers containing the contaminated
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soil for 6 hours before they were removed and replaced
with fresh ones. Before placing fresh charcoal inside the
soil, the soil was thoroughly mixed to uniformly spread
the oil in the soil and increase the crude oil absorption
efficiency. This procedure was repeated twice a day
for 7 days. The soil obtained from this preliminary
remediation was tagged "PreT1".

After the initial physical remediation using charcoal
(PreT1), 10 kg of dry rice husk was spread over the
contaminated soil and then burnt on top of the soil to
produce the second bio-absorbent, RHA. The burning
of rice husks generates heat, which may help volatilize
some of the lighter hydrocarbons present in the soil.
Following the complete combustion of the rice husk, the
resulting RHA was thoroughly mixed into the soil along
with 3 liters of water. The mixture was left to acclimate
for an additional 2 weeks, allowing the ash to integrate
with the soil and support the remediation process. The
soil obtained from this preliminary remediation was
tagged "PreT2".

Experimental Setup

The experimental design consisted of various
treatments implemented in crude oil-polluted soil. The
control group consisted of soil without any amendments:
T1 (PreT1) and T2 (PreT2). The other treatments were
as follows: T3 (PreT1 + PBS), T4 (PreTl1 + ABS), T5
(PreT1 + SBS), T6 (PreT2 + PBS), T7 (PreT2 + ABS),
and T8 (PreT2 + SBS).

The pre-remediated soil samples, labeled PreT1 and
PreT2, were placed into plastic buckets with perforated
bottoms, with each bucket containing 20 kg of soil. For
treatments 3 to 8, 2 kg of the appropriate bio-stimulant
was thoroughly mixed into the soil and allowed to
stabilize for seven days prior to the transplantation of
the tomato plants. This window period (7 days) aids
the incorporation of the bio-stimulant nutrients into
the soil, improving the soil’s fertility, and enhances
the optimization of plant performance and remediation
effectiveness. Each treatment was done in triplicate,
principally to guarantee statistical validity.

Phytoremediation Procedure

The tomato plant (Cobra-26 F1) used for the
phytoremediation was nursed in seed bags for a period
of 28 days. Watering was done as needed, ensuring
the soil was moist but not waterlogged. Weeding was
carried out manually using handpicking to keep the
plants free from competing weeds. Organic manure
was incorporated into the soil 2 weeks before planting
the tomato seeds, which aids in providing essential
nutrients for healthy plant growth. After 28 days, the
tomato seedlings were transplanted to the already
prepared containers containing the pre-remediated soil
samples. Initially, they were transplanted at a density of
5 seedlings per bucket, but after the tomato plants were

fully established, the number was reduced to 2 seedlings
per container.

During the growth period, the control and all the
treatments were subjected to consistent environmental
conditions (light, temperature, humidity). Watering was
done just to keep the soil moist; pests and weeds were
controlled manually. The tomato fruits were collected
for laboratory analysis at the pink maturity stage. After
the phytoremediation program concluded, the soil from
each bucket was transferred to a tray, sun-dried, and
labeled with codes. Additionally, the tomato plants from
the treatments were separated into 2 parts: the roots and
the leaves, which were then dried in the sun and coded
accordingly. All the specimens were transferred to the
laboratory for chemical analysis.

Quality Assurance and Quality Control

The chemicals and reagents employed to attain
the goals of this research were of excellent grade and
obtained from a reputable manufacturer, Merck KGaA,
Darmstadt, Germany. Blank and standard specimens
were scrutinized using the same procedure. The
measurements were conducted in triplicate, producing
a relative standard deviation of below 4%, while the
recovery rates for the certified reference materials varied
from 93.7% to 102.5% [27].

Measurements and Data Collection

Chemical analyses were conducted on dried soil,
plant roots, leaves, and fresh tomato fruits. The dried
soil, roots, and leaves were processed using an electric
grinder (model FWI100, manufactured by Focus
Technology Co., Ltd., China) and filtered through a
0.850 mm screen.

Physicochemical Properties of the Soil

The soil’s sample physiochemical properties were
determined in accordance with ASTM-approved
procedures after drying in the laboratory at room
temperature (30+4°C, 78+9%RH) [3, 5, 22].

Heavy Metal (HM) Determination

The levels of HMs, which include iron (Fe),
chromium, cadmium, lead, nickel, and copper, in the
soil, roots, and leaf specimens were measured following
ASTM-approved guidelines. A total of 10 g from each
sieved sample was digested using a mixture of HNO,,
HCI, and H,SO, in a ratio of 10:4:1, heated to 95°C until
a clear product was attained. This product was strained
into a measuring cylinder and then diluted with distilled
water to obtain a 100 mL volume. An atomic absorption
spectrophotometer (model AA-7800 series, produced in
Japan) was employed to determine the concentration of
each metal in the digested sample [3]. The concentration
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of each metal was initially measured in milligrams per
kilogram (mg/kg).

HPLC Determination of Vitamin B
and Carotenoid Profiles

The tomato fruits’ carotenoid and vitamin B profiles
were measured using a High-Performance Liquid
Chromatography (HPLC) machine (model LC-W100B,
manufactured by Wincom Company Ltd. in China). This
study uses a Luna C18 column (0.10 m x 4.6 mm L.D.,
5 pum particle size) for the chromatographic analysis,
coupled with a UV detector and a 20 pL injector loop.
The mobile phase comprised methanol as the carrier,
having a flow rate of 0.06 L/h, a constant temperature
of 35°C, a run time of 12 minutes, and a wavelength of
295 nm [28].

Spectrophotometric Determination of Vitamin C

The vitamin C concentration in the tomato fruits
(fresh weight; FW) was determined using a standard
spectrophotometer (model: UV-5300, manufactured
in India), following the recommended guidelines. A
standardization curve was established by employing
known concentrations of ascorbic acid, and the resulting
absorbance was compared to a standard curve to
ascertain the vitamin C level in the fruit. The results
were recorded as mg/100 g of fresh weight (FW) of
ascorbic acid, which was later converted to mg/kg (FW)
using a conversion factor of 10.

Phytochemical Properties Determination

Gas Chromatography-Mass Spectrometry (GC-
MS) was employed to identify the phytochemical
properties present in the tomato fruit. The tomato fruit
phytochemicals were extracted with the aid of methanol,
and 2 pL of the specimen was injected into the
system through the splitless injector. The GS employs
helium as the carrier gas, flowing at 1.75 mL/min. The
concentration of compounds can be quantified based
on the peak areas in the chromatogram, often using
calibration curves from standards.

Total Petroleum Hydrocarbon (TPH)

Gas Chromatography armed with the flame
ionization detector (GC-FID) was utilized to assess the
petroleum hydrocarbon (TPH) levels in the soil, tomato
roots, and leaves. Using dichloromethane, TPH was
extracted from ground samples (soil, plant roots, and
leaves). The system used an HP-5 fused silica capillary
column with these dimensions: 30 m x 0.32 mm x 0.25
pm. Helium, the carrier medium, flowing at a slow rate
of 1.75 mL/min, ensuring optimal separation of the
hydrocarbon compounds in the system, was configured
with a detection limit greater than 0.0001. A 2 pL volume
of the extract was introduced into the GC-FID system

in splitless mode at 250°C, which allows the entire
sample to be directed into the column for maximum
sensitivity, while the FID temperature was set to 300°C.
The column temperature was initially maintained at
50°C for 2 minutes before it was increased to 250°C at
a rate of 10°C/min. The final data was analyzed using
Agilent software, processing the chromatographic data
to determine the concentrations of TPH present in the
samples [29].

Microbiological Analysis

The hydrocarbon-utilizing bacteria (HUB) and
hydrocarbon-utilizing fungi (HUF) populations in
the soil samples were determined following standard
guidelines as outlined by Achife [8].

Data Analysis

Data analysis of the laboratory results was performed
using SPSS statistical software (version 20.0) to assess
the effects of bio-stimulants and absorbents on the
phytoremediation ability of the tomato plant. The means
were distinguished using Duncan's Multiple Range Test
(DMRT) at a significance level of p<0.05.

Bio-accumulation Factor (BCF)
The BCF is used to determine the suitability of any

crop for phytoextraction, and it is calculated using the
formula shown in Equation (1) [3, 30].

Concof metel in the root (])

BECF =

Conc of metal in the soil
Translocation Factor (TF)

Translocation is a plant’s capability to transfer
accumulated contaminants from the soil through its
root system to the shoot, where they are assimilated and
managed within the plant's tissues. The translocation
factor of a plant is calculated by using the expression
given in Equation (2) [30].

Tf — Conc of metal in the shoot (2)

Conc of metal in the root

Results and Discussion
Soil Physiochemical Properties

The results of the oil-impacted soil physiochemical
attributes are presented in Table 1. In particular, it
was observed that the oil spill tends to depreciate the
soil’s physiochemical parameters. The USDA soil
classification depicts that the soil belongs to the sandy
clay loam category. The low water holding capacity
(21%) observed in the polluted soil can be linked to the
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Table 1. Soil physiochemical properties.

Parameter Value

Sand 75.94

Particle size distribution (%) Silt 18.22
Clay 5.84

Soil texture classification® Sandy Clay

Loam
Soil organic matter (%) 5.17
Soil pH (H,0) 6.44
EC (dS/m) 5.73
Nitrogen (g/kg) 0.19

Water holding capacity (%) 21

Potassium (g/kg) 2.749

Note: * (USDA — United States Department of Agriculture).

oily nature of the petroleum products, which formed
protective layers around the soil grains. This tends to
block the soil pores, thereby leading to a reduction in
the soil’s water absorption and retention capabilities
[26, 31]. Interestingly, the results highlighted that the
contaminated soil contained a large amount of potassium
(2.749 g/kg) and a trace nitrogen level (0.19 g/kg). The
soil electrical conductivity (EC) value of 5.73 dS/m
indicates that the soil tends to be saline and negatively
affects crop productivity [22, 32].

Preliminary Remediation

Table 2 displays the outcomes of the preliminary
remediation process utilizing bio-absorbents, which
can be considered physical remediation. The findings
depicted that both the charcoal and RHA had a
substantial effect on the TPH and HM concentration of
the soil (p<0.05). Following the physical remediation
using only wood charcoal (PreT1), the concentrations of
TPH, Pb, Cd, Cr, Cu, Ni, and Fe in the contaminated soil
were reduced by 33.67, 20.63, 27.78, 32.12, 32.50, 25.10,
and 23.38%, respectively. Furthermore, after conducting
the second stage of physical remediation using rice husk
(PreT2), the TPH, Pb, and Cd further depreciated by
18.88, 12.97, and 11.11%, respectively, while the soil’s
Cr, Cu, Ni, and Fe content appreciated by 5.58, 4.40,
5.57, and 6.36%, respectively. This finding aligns with
the results reported by Shang [26] and Duwiejuah [31]
in their studies on the remediation potential of rice
husk products. Notably, it was observed that the Pb, Cd,
Cu, Zn, Cr, and Ni concentrations in the contaminated
and preliminary remediated soils were within the
permissible standards recommended by WHO and FAO.

Charcoal and rice husk are potent absorbents that
help to reduce the bioavailability of toxic elements in
the environment [26]. These absorbents’ remediation
capabilities can be linked to their physical and chemical

properties. Additionally, the heat generated by the rice
husk tends to burn off volatile PHs from the soil (thermal
degradation) and alter the chemical composition of the
denser PHs in the process [13, 32]. Thermal degradation
helps to break down larger hydrocarbon chains into
smaller, more biodegradable compounds, facilitating
subsequent bioremediation/phytoremediation processes.
Moreover, burnt rice husk ash is rich in valuable
nutrients, enhancing soil properties and supporting
bioremediation. This could be attributed to the main
reason the PreT2 soil sample has a lower TPH value
when compared to the PreT1 soil sample [32, 33].

It was observed that the RHA caused a negligible
increase in Cr, Cu, Ni, and Fe levels in the physically
remediated soil. This may be attributed to HM discharge
from the RHA into the soil. RHA is rich in silica
(Si0y), calcium carbonate (CaCQOj3), phosphorus (P),
and potassium (K), while also containing trace amounts
of HMs [32]. The notable decrease in soil TPH levels
following the addition of RHA can be linked to the ash's
hygroscopic nature, adsorption capabilities, cementitious
properties, and nutrient content, all of which contribute
to the absorption and breakdown of hydrocarbons in the
soil. The cementitious properties of rice husk ash (RHA)
assist in binding hydrocarbons and other toxic metals in
the soil, thereby effectively lowering their bioavailability,
concentration, and leaching potential [33]. Additionally,
the burnt rice husk produces ash rich in valuable
nutrients, which enhances soil properties and supports
the remediation process. This process stabilizes the soil,
promotes the degradation of contaminants, and creates
a conducive environment for beneficial microorganisms
[32].

Primary Phytoremediation

Table 3 presents the results of the phytoremediation
potential of tomato plants under the various treatments.
The TPH phytoremediation efficiency of T1, T2, T3,
T4, TS5, T6, T7, and T8 experimental units was 16.80,
19.76, 64.77, 69.18, 70.76, 68.03, 74.78, and 77.81%,
respectively. Notably, the remediation agents had a
significant effect (p<0.05) on the contaminated soil,
as the control unit exhibited the highest TPH and HM
values compared to the other experimental setups (T1 to
T8). This indicates that the organic manure and the bio-
stimulants (plantain peel, algae, and seaweed extract)
effectively reduced the PH and HM concentrations
in the soil, enhancing the tomato plant’s capacity for
phytoremediation. Additionally, the pyrolysis of rice
husk ash in experimental units T2, T6, T7, and T8 will
improve the physical properties of the soil, fostering
healthier microbial populations that are vital for soil
remediation [26, 32]. The research reflected that the
tomato plant failed to thrive in the control setup, which
may be attributed to crude oil toxicity. The toxic effects
of crude oil cause physiological stress on the plant and
disruption of nutrient absorption, thereby impairing
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Table 2. The results of the preliminary remediation program.

Parameter Contaminated PreT1 PreT2
(mg/kg) (mg/kg) (mg/kg)
TPH 1301.00°+18.73 863.00°+40.04 617.33%£18.72
Pb 3.78+0.20 3.00°+0.13 2.512£0.13
Cd 0.36"+0.05 0.26*+£0.03 0.222£0.03
Cr 13.79°+0.54 9.36+1.46 10.13+0.97
Cu 47.48+2.58 32.05°+3.13 34.14°+1.93
Ni 12.75%1.02 9.55+0.96 10.26°+0.22
Fe 8172:+£267 6262'+316 6781°%+£287

Note: Replication - 3, Mean+tstandard deviation, rows with the same common letter (superscript) indicate that the means are not
significantly different at p<0.05 using DMRT, TPH - Total Petroleum Hydrocarbons, Pb — lead, Cd — cadmium, Cr — chromium, Cu —
copper, Ni —nickel, Fe — iron, PreT1 — preliminary Treatment 1, PreT2 - preliminary Treatment 2.

their ability to thrive in a contaminated environment [17,
25, 34].

Generally, the remediation efficiency achieved
when one or two agents were applied (Tl and T2)
was lower than the efficiency obtained when multiple
agents were hybridized (T3-T8). This highlights that
combining different remediation agents creates a
synergistic effect, resilience to variability, and a broader
spectrum of action, enhancing pollutant degradation and
immobilization [35, 36]. The decline in the TPH and HM
concentrations observed in the T3 and T6 soil samples
can be linked to the presence of plantain peel, plantain
peel ash, and eggshell in the manure used for the
remediation. Plantain peel ash has adsorptive properties
that help trap contaminants and stabilize pollutants,
while the plantain peels contain essential compounds
and organic matter. These help to restore the soil’s
physical characteristics, nutritional status, and microbial
environment [14]. The porous structure of eggshells
improves soil structure by increasing aeration and water
retention, which aids in the absorption of TPH and HMs.
This reduces the mobility of these pollutants, limiting
their spread and bioavailability in soil. Eggshells, which
are primarily composed of calcium carbonate, enhance
the bioremediation processes and help to restore soil
health and engineering properties [37]. These results
correlate with the findings on eggshells’ bioremediation
possibility, which Lim [38] documented in heavy metal-
polluted soils.

The seaweed extract displayed a strong ability to
enhance the phytoremediation behaviors of the tomato
crop; principally, the experimental groups integrating
seaweed extract (TS5 and T8) presented better results.
This behavioral pattern can be linked to the capability of
the seaweed to improve the soil nutrients and beneficial
microbial performance, improving and boosting the
plant's phytoremediation performance [39]. Additionally,
apart from algae’s high essential nutrient content, it also
helps to improve the soil structure, carbon sequestration,
and microbial activity [13], which can be attributed to
their improved phytoremediation efficiency (T4 and T7).

Organic materials and sufficient moisture accelerate
bio-substances’ release, which promotes microbial
survival and performance within the rhizosphere region.
Notably, this enhances the microbial degradation ability
of hydrocarbons and toxic elements (rhizodegradation)
[34]. These microbial actions can be attributed to the
higher remediation efficiency recorded in T6 to T8 soil
samples. Interestingly, the results depicted that the Pb,
Cd, and Cr concentrations in the tomato plant’s body
exceeded the maximum allowable limits approved by
WHO and FAO, whereas the levels of Cu, Ni, and Fe
remained within the recommended limits established by
these organizations.

Bioaccumulation Factor (BCF) and
Translocation Factor (TF) Analysis

Table 4 shows the BCF (soil-roots and soil-leaves) and
TF values of the tomato plants, which vary significantly
depending on the type of amendment incorporated into
the contaminated soil. The one-way ANOVA results
of the BCF and TF values revealed that no significant
difference existed between the treatment results for TPH,
Pb, Cd, Cr, Cu, Ni, and Fe (p<0.05). This result aligns
with the findings of Shang [26], which indicate that a
plant's phytoremediation ability is highly dependent
on the specific soil treatments applied, significantly
affecting the plant's capacity to both accumulate and
translocate contaminants effectively. The BCF values
of the treatments with higher percentages of organic
materials (T6, T7, and T8) were less than 1, except for
Cu, Cr, and Ni under Treatment 6. According to FAO/
WHO Codex Alimentarius, a BAF value less than 1 is
an indication that the plant is an excluder, while a BAF
value greater than 1 is an indication that the plant is an
accumulator [32, 33]. Typically, the results highlighted
that soil contamination levels substantially impact
tomato plants’ bioaccumulation tendency.

This study’s findings depicted that the prevalence
of organic materials in the soil considerably inhibits
contaminant accumulation in the plant’s root
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Table 3. TPH and HM concentrations in the remediated soil, tomato roots, and leaves (mg/kg).

TPH Pb Cd Cu Ni Fe
Soil
Con 1266.00"+22.6 3.5140.23 0.33:+0.01 13.13+0.2 44.89+0.97 | 12.50°+0.19 8016.00°+34.18
T1 718.00¢+4.58 2.43+0.04 0.19+0.02 7.19%+0.03 | 28.26“+0.65 7.14%+£0.10 5825.33422.05
T2 495.33+6.66 2.254+0.02 0.15+0.02 7.40°+0.04 27.87%£0.35 7.28%+0.03 5772.007.55
T3 304.00°+8.19 2.17%+0.03 0.12¢+0.02 6.15"+0.13 | 25.98+0.87 6.26*+0.05 5213.67+2.52
T4 266.00%£5.00 2.18%+0.02 0.10c+0.01 6.34%+0.11 24.80°+0.29 6.77°+0.06 5246.33°+10.69
T5 252.33%43.06 2.25°+0.01 0.06+£0.01 5.95+0.09 25.94°+0.65 6.28*+0.06 5126.33+51.33
T6 197.33°4£2.52 2.18%+0.02 0.06+£0.01 7.13940.09 | 27.20°+0.66 7.01°£0.12 5069.00°+37.51
T7 155.67°+4.73 2.10°+0.04 0.03+£0.01 5.954£0.11 26.18*+0.14 | 7.28%+0.09 4886.67+61.21
T8 137.00+4.58 2.07*+0.03 0.05%+0.02 6.4240.16 24.84+0.23 7.17%+0.06 5068.00°+£55.34
Roots
TI 821.00"+2.65 2.71°+0.03 0.244+0.02 6.98+0.08 29.95%£0.08 6.92°+0.15 5291.67°+8.74
T2 506.335+4.51 2.60°+0.05 0.14+0.02 7.214+0.04 30.2440.24 6.42°+0.04 5129.00°+3.46
T3 313.00%3.61 2.87°+0.04 0.11°+0.02 6.94+0.04 23.72°+0.44 4.79*+0.36 5319.33%+19.50
T4 336.33°+7.57 2.05+0.04 0.15°+0.02 6.23+0.03 20.53'+0.60 5.10°+0.08 5072.33°+£108.03
T5 194.67£7.09 1.78*+0.62 0.03+£0.01 6.15°+0.03 27.87°+1.00 5.30°+0.03 5687.00°+57.19
T6 172.67°£8.39 1.95:+0.02 0.04+0.01 7.45+£0.07 30.49%+0.45 7.05%+0.06 4957.00+£35.04
T7 135.67°+7.57 1.85%+0.03 0.02:+0.02 5.24*+0.03 28.11¢+0.26 4.83*+0.09 4721.33%£140.50
T8 122.00°+4.00 1.91:+0.04 0.04+0.01 6.06°+0.05 23.07°+0.13 9.02°+0.18 5149.33%+63.17
Leaves
Tl 809.67°+7.09 2.18%0.07 0.16+0.02 7.74+£0.06 21.76°+£0.37 7.2540.12 5140.00°+34.70
T2 500.00%£4.36 2.334+0.13 0.18*+0.03 7.70:+£0.16 34.92°+1.15 7.0740.06 4931.67°+90.65
T3 326.67°+12.66 2.71+0.05 0.16+0.04 7.23+0.02 19.93%+1.18 3.004£0.12 5867.33421.22
T4 331.00°+4.58 2.03+0.05 0.15+0.02 6.04°+0.02 28.54%+0.79 7.14%+0.11 6072.673°+3.50
TS 206.67°+£6.66 1.65*+0.04 0.05+0.03 6.11°+0.05 25.48+1.16 7.44+0.96 6258.33+38.28
T6 204.00°+5.57 2.16°+0.08 0.02:+£0.01 7.99%0.05 40.79+1.98 6.01°+0.13 4281.33%£12.10
T7 169.33%+10.60 2.00°%+0.02 0.05*+0.01 5.12%:0.03 33.93%1.13 5.06°+0.09 5214.00°+4.58
T8 155.33*+14.36 2.11%+0.08 0.06°+0.02 7.534+0.06 18.61%+1.33 4.73°+0.04 4961.00°+79.90

Note: Con - control, replication -3, Meantstandard deviation, T1 — Treatment 1, T2 — Treatment 2, T3 — Treatment 3, T4 — Treatment 4,
T5 —Treatment 5, T6 — Treatment 6, T7 — Treatment 7, T8 — Treatment 8, columns with the same common letter (for the same category)
indicate that the means are not significantly different at p<0.05 using DMRT, (NOTE: Treatments 1 — 8 are special amendments that

contain different additives at different concentration “quantity”).

system, ultimately leading to phytovolatilization and
phytodegradation mechanisms. Humus facilitates
soil microorganisms’ productivity and performance,
resulting in the rapid degradation of the contaminants’
concentrations [13, 24]. Interestingly, the experimental
outcomes highlighted that at very low organic material
volume (T1), the tomato crop displayed the highest
BCF value, while a high humus proportion in the
experimental groups led to crops with lower BCF values.
These situations might be linked to the crop’s ability to
absorb and degrade contaminants in the presence of

higher humus levels, subsequently leading to effective
phytoremediation [40].

Furthermore, the results reflected that the TPH and
Pb demonstrated the minimum TF values in comparison
to other pollutants investigated in this research.
This reveals that the tomato has a lower efficiency
in translocating these contaminants (Cd, Cr, Cu, Ni,
and Fe) from the root to the shoot system. Kafle [35]
stated that, in a situation where the TF is greater than
1, there is an indication that the remediating plant has
lower competence in conveying toxic materials from the
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Table 4. The bioaccumulation factor and translocation factor of heavy metals in tomato roots and leaves.

TPH Pb Cd Cr Cu Ni Fe
BCF (soil-roots)*
Tl 1.14 1.12 1.26 0.97 1.06 0.97 091
T2 1.02 1.16 0.93 0.97 1.09 0.88 0.89
T3 1.03 1.32 0.92 1.13 0.91 0.77 1.02
T4 1.26 0.94 1.50 0.98 0.83 0.75 0.97
TS 0.77 0.79 0.50 1.03 1.07 0.84 1.11
T6 0.88 0.89 0.67 1.04 1.12 1.01 0.98
T7 0.87 0.88 0.67 0.88 1.07 0.66 0.97
T8 0.89 0.92 0.80 0.94 0.93 1.26 1.02
p-value 0.7571 ns
BCF (soil-leaves)*
T1 1.13 0.90 0.84 1.08 0.77 1.02 0.91
T2 1.01 1.04 1.20 1.04 1.25 0.97 0.89
T3 1.07 1.25 1.33 1.18 0.77 0.48 1.02
T4 1.24 0.93 1.50 0.95 1.15 1.05 0.97
T5 0.82 0.73 0.83 1.03 0.98 1.18 1.11
T6 1.03 0.99 0.33 1.12 1.50 0.86 0.98
T7 1.09 0.95 1.67 0.86 1.30 0.70 0.97
T8 1.13 1.02 1.20 1.17 0.75 0.66 1.02
p-value 0.4299ns
TF *
T1 0.99 0.80 0.67 1.11 0.73 0.97 0.97
T2 0.99 0.90 1.29 1.07 1.15 0.88 0.96
T3 1.04 0.94 1.45 1.04 0.84 0.77 1.10
T4 0.98 0.99 1.00 0.97 1.39 0.75 1.20
TS 1.06 0.93 1.67 0.99 091 0.84 1.10
T6 1.18 1.11 0.50 1.07 1.34 1.01 0.86
T7 1.25 1.08 2.50 0.98 1.21 0.66 1.10
T8 1.27 1.10 1.50 1.24 0.81 1.26 0.96
p-value 0.1158 ns

Note: The BCF and TF values were calculated from the average heavy metal values found in the soil, roots, and leaves. ** - significant

at p<0.05, ns — not significant at p<0.05.

roots to the leaves. Generally, the biomaterials (organic
materials) play a pivotal role in the tomato plant’s ability
to shift the pollutants from the lower plant’s section to
the upper section. It is obvious in the findings displayed
by the T6, T7, and T8 experimental groups’ results, as
their results depicted that the TF values documented
were greater than 1 (TF > 1). Notably, the T6 unit
demonstrated a hyperaccumulation approach to Cu and
Ni metals, as both the BCF and TF results surpassed
1, specifying phytoextraction success of these deadly

elements. According to Ref [40], a condition that results
in a TF value greater than 1 designates an effective
phytoextraction procedure. Interestingly, this research’s
outcomes depicted that the tomato plant facilitated
phytostabilization of TPH and Pb under treatments 1
and 2, as indicated by a BCF greater than 1 and a TF
less than 1, which helps to hinder the further spread of
these pollutants within the ecosystem, making the plant
effective for stabilizing contaminated soils.
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Table 5. HUB and HUF loads of the various treatments of tomato
fruits (x10* cfu/g).

Code HUB HUF

Control 1.87°+0.03 0.69°+0.01
TI 3.434+0.01 2.87+0.13
T2 3.55%0.04 2.25"+0.24
T3 5.16°+0.15 4.91°+0.08
T4 5.62+0.12 4.88+0.07
T5 6.232+0.02 6.72+0.11
T6 3.11+0.06 4.51%+0.42
T7 3.04°+0.01 2.93°+0.01
T8 2.91°+0.04 3.66+0.01

Note: Replication = 3, Meantstandard deviation, HUB -
hydrocarbon-utilizing bacteria, HUF - hydrocarbon-utilizing
fungi, columns with the same common letter indicate that the
means are not significantly different at p<0.05 using DMRT.

Microbial Population

Table 5 displays the microbiological conditions of the
soil, revealing that bio-materials significantly influence
the HUB and HUB population in the contaminated
soil. The HUB load in the Control, T1, T2, T3, T4,
T5, T6, T7, and T8 soil samples measured 1.87x10%
3.43x10%, 3.55%10%, 5.16x10%, 5.62x10%, 6.23x10%, 3.11x10%,
3.04x10%, and 2.91x10* cfu/g, respectively. Furthermore,
the population of HUF in the control, T1, T2, T3, T4,
T5, T6, T7, and T8 soil samples was 0.69x10%, 2.87x10%,
2.25x10%  4.91x10%, 4.88x10%,  6.72x10%,  4.51x10%
2.93x10%, and 3.66x10* cfu/g, respectively. Remarkably,
the results show that the populations of HUF and HUB
declined significantly as the amount of organic materials
in the treatment plans (T6, T7, and T8) increased.
This suggests that the initial application of excess bio-
stimulants and organic materials promotes the rapid
degradation of petroleum contaminants during the early
stages of remediation. However, as the bioremediation
process progresses, the availability of PHs diminishes,
which limits the substrate for microbial activity.
Consequently, this decline in available hydrocarbons
leads to a reduction in the population performance of the
HUB and HUF.

These findings are consistent with those reported
by Zhang [41] and Xu [23], who studied petroleum-
contaminated soil remediated with petroleum-degrading
bacteria immobilized on biochar. The populations
of HUB and HUF in petroleum-contaminated soil
typically peak during the active bioremediation phase.
Following this period, the populations of hydrocarbon-
utilizing bacteria gradually decline due to the depletion
of hydrocarbons, which serve as their primary food
source [8, 42].

Nutritional Components of the Tomato Fruit
Vitamin Levels and Carotenoid Profile

The results of the vitamin levels and carotenoids
present in the tomato fruits (FW) harvested from the
experimental groups are presented in Table 6. It was
noted that the remediation program had a significant
effect on the vitamin B, C, and total carotenoid content
of the tomato fruits (p<0.05). The lower vitamin and
carotenoid concentrations observed in the tomato fruits
harvested from T1 and T2 experimental units could be
attributed to the elevated concentrations of TPH and
HMs present in the soil throughout the tomato growing
period (Table 3). Alengebawy [19] noted that high HM
levels interfere with a plant's aptitude to absorb nutrients
from the growing medium and carry out metabolic
processes, which can impede the production of essential
compounds such as vitamins and carotenoids.

Furthermore, the contaminated soil treated with a
combination of charcoal, burnt rice husk, and organic
manure (T6, T7, and T8) produced fruits with higher
levels of vitamins and carotenoids compared to soil
treated with the combination of only charcoal and
organic manure (T3, T4, and T5). This showed that
the burned rice husk enhanced the phytoremediation
process by increasing nutrient availability and
supporting plant metabolic functions, which ultimately
led to improved nutrient synthesis and accumulation
in the fruits. Rice husk ash can enhance soil nutrients
and foster more suitable environmental conditions for
the microbial breakdown of hydrocarbons and other
pollutants [24]. Also, the fruits collected from the soils
treated with plantain peel-based organic manure (T3
and T6) demonstrated significantly higher amounts of
vitamins and carotenoids compared to those treated
with algae and seaweed extract-based organic manure
(T4, T6, T7, and T8). This depicts that the plantain peel-
based organic manure provides a favorable soil nutrient
profile, which enhances the tomato’s ability to produce
and accumulate these essential compounds in the
fruits. Plantain peels and eggshells have abundant basic
nutrients such as potassium, phosphorus, nitrogen, and
calcium, which play a crucial role in promoting stress
tolerance, plant growth, and overall performance [36].

This study’s vitamins B and C are lower than the
values reported by Refs [43, 44] but were within the
range of values documented by Mellidou [45]. The
discrepancy noted in the results may be due to the effects
of field practices on the development of tomato fruits.
These practices encompass toxicity from PHs and HMs,
as well as the impact of the soil amendments employed
in tomato cultivation. Exposure to PHs and HMs can
lead to physiological stress, reducing the ability of
the plants to synthesize essential vitamins. PHs can
disrupt a plant's ability to absorb nutrients, leading to
deficiencies in essential nutrients like antioxidants and
vitamins [46].
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Table 6. Vitamin content and carotenoid profile of tomato fruits (mg/kg FW).

Vitamin B profile
Bl B2 B3 B6 B9 BI2
T1 0.041°+0.009 0.029*+0.006 0.001*+0.001 0.046°+0.005 0.23*+0.002 0.022:+0.001
T2 0.057+0.012 0.040*+0.011 0.002%+0.002 0.050*+0.003 0.024*+0.002 0.0180.002
T3 0.063%+0.006 0.058%+0.011 0.004¢+0.002 0.060°4+0.003 0.063%+0.002 0.029°+0.003
T4 0.080*+0.010 0.066+0.016 0.005°4+0.002 0.063%+0.011 0.063%+0.008 0.035%+0.004
T5 0.063%+0.006 0.078+0.017 0.007°+0.002 0.056%+£0.009 0.055°+0.003 0.030°+0.003
T6 0.078>+0.024 0.063%+0.012 0.007¢+0.002 0.056%+£0.006 0.056°+0.005 0.037¢+0.005
T7 0.072%+0.019 0.057°+0.019 0.008+0.001 0.0719+0.007 0.072¢+0.003 0.042%+0.003
T8 0.093+£0.031 0.079¢+0.014 0.007¢+0.003 0.062%4+0.004 0.064°+0.005 0.045°+0.006
Carotenoid profile
Lycopene Phytoene B-Carotene

Tl 6.033%0.100 2.480°+0.551 1.140°+0.090

T2 7.093%+0.208 2.120%0.178 1.073°+0.131

T3 11.657°+0.964 5.743°0.454 2.793+0.221

T4 16.673°£1.991 3.913%+0.142 3.160%+0.207

T5 12.790°£1.725 3.977°+0.310 3.063%+0.103

T6 23.280%+3.387 8.447°+1.628 3.430°+0.547

T7 25.6501.545 9.683+0.674 4.627d+0.386

T8 21.260%0.291 7.1074+£0.388 5.0974£0.194

Vitamin C

T1 134.683+13.54

T2 138.617+11.42

T3 149.630°+11.62

T4 152.027°+13.38

T5 167.597°£12.56

T6 172.477°£12.74

T7 172.923°+14.48

T8 182.067£13.63

Note: Replication = 3, Mean+standard deviation, columns with the same common letter (for the same category) indicate that the means

are not significantly different at p<0.05 using DMRT.

Phytochemical Properties

Remarkably, Table 7 presents the phytochemical
properties of the tomato fruits sampled from the
various experimental units. Out of the 24 compounds
identified in the fresh fruits, catechin, butein, tangeretin,
coumaric acid, ferrulic acid, naringenin, apigenin,
and kaempferol were the most predominant. These
compounds have potent antioxidant, anti-inflammatory,
and phytochemical properties and play crucial roles in
enhancing tomato fruits’ nutritional and therapeutic
qualities [47]. Apigenin, butein, and kaempferol are

powerful flavonoids with antioxidant, anti-inflammatory,
and anticancer properties. They also contribute to
cardiovascular health and offer neuroprotective benefits
[48]. Ferulic and coumaric acids have numerous
medicinal benefits, promoting cardiovascular and skin
health and contributing to cancer prevention [49]. The
subpar phytochemical properties observed in the T1 to
T4 experimental groups’ tomato fruits can be linked
to the elevated TPH levels found in both the soil and
plant tissues (Table 2). High levels of PH concentration
inhibit plant growth and phytochemical properties
(flavonoids, phenolics, and antioxidants) by causing
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Table 7. The phytochemical properties of tomato fruits (mg/kg FW).

Parameter Treatments
1 2 3 4 5 6 7 8

Resveratrol 0.642 0.683 0.703 0.711 0.755 0.792 0.816 0.822
Apigenin 3.521 3417 3.852 4.110 4350 4.594 4.926 4.802
Piperic acid 2.187 2.094 2512 2.663 2.810 3.121 3.261 3.744
Catechin 10.210 13.772 13.951 15.014 16.290 17.811 18.462 18.993
Daidzein 1.084 1.127 1.392 1.241 1.259 1.466 1.703 1.605
Vanillic acid 1.109 1.103 1.342 1.496 1.440 1.652 1.712 1.776
Butein 6.112 7318 8.216 9.103 9.380 10.231 10.619 12.024
Naringenin 2.851 2.963 3.712 4228 4303 4.198 5.091 4744
Luteolin 1.121 1.165 1.201 1.234 1.221 1.447 1.408 1.632
Kaempferol 2.119 2.105 2.243 2255 2279 2308 2296 2.364
Epicatechin 1314 1.421 1.328 1.502 1.526 1.632 1.598 1.771
Epigallocatechin | 0.274 0.325 0411 0.451 0.826 0.951 0.854 0.886
Quercetin 1.241 1.35 1.422 1,506 1.510 1.554 1.723 1.647
Ga”"g;ﬁiizi“ | 0195 0.175 0.201 0211 0.208 0.254 0.232 0.247
Robinetin 0.497 0.533 0.452 0.660 0.932 0.872 0.104 0.923
Myricetin 1.162 1.341 1.802 2477 2.832 3319 3.532 3.961
Artemetin 0.398 0.401 0.385 0.409 0.414 0.397 0.431 0.442
Nobiletin 0.382 0372 0.392 0.385 0.398 0.473 0.406 0.436
Tangeretin 4.941 4.663 5217 6.055 6214 6.712 6.945 7.102
Naringin 0.281 0.258 0.338 0.482 0.543 0.684 0.667 0.839
Lunamarin 0.520 0.381 0.405 0.723 0.964 0.994 1.052 0.983
Cinnamic acid 0.195 0.162 0.235 0.269 0273 0271 0.283 0.292
Coumaric acid 2287 2.502 3.107 3.413 3.665 3.820 3.984 3.806
Ferrulic acid 11.982 13.244 15.931 18.219 21.584 22.651 25.121 25.887

ROS, phytochemical alterations, and physiological stress
within the plant [18, 50]. This may lead to reduced
antioxidant levels and nutritional value of the tomato
fruits.

The research findings indicate that remediation
therapies considerably influence the phytochemical
properties of the fruit. Soils treated with larger quantities
of organic materials (T6 to T8) generally exhibited
higher phytochemical properties concentrations than
those remediated with smaller amounts of organic
materials (T1 to T5). This highlights that organic
materials not only aid the phytoremediation process,
but they also enhance the formation of phytochemical
properties within plant tissues. Organic amendments
not only improve soil nutrient availability but also
stimulate microbial activity and root exudates. This
is an indication that these procedures considerably
assisted in increasing the plant's ability to produce

essential bioactive compounds, which aid environmental
remediation, enhance crop nutrition, and medicinal
applications [26, 51].

Fascinatingly, this study’s findings exposed the
possibility of utilizing plantain peels as a suitable
substitute for seaweed extract or algae in forming vital
bio-stimulants, with high remediation and nutrient
improvement efficacies. Decaying plantain peels
have high humus, P, and K proportions, resulting
in an enhancement in the soil structure and fertility
level. Intriguingly, this will increase the tomato’s
phytoremediation ability and phytochemical properties
[14]. Charcoal and RHA, used additionally in the
remediation process, are known high absorption agents,
which will assist immensely in absorbing harmful
substances during the remediation process [34].
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Conclusions
This study was conducted to appraise bio-
materials’ usefulness in environmental control and

crop productivity. An experimental investigation was
undertaken on the potential of using charcoal, rice
husk ash (RHA), seaweed extract, algae, and plantain
peels as bio-additives to increase tomato performance
and petroleum remediation ability. Results from the
laboratory tests revealed that hybridizing charcoal, rice
husk ash (RHA), seaweed extract, algae, and plantain
peels absolutely increased tomato medical attributes and
phytoremediation potential. Furthermore, the findings
emphasized that organic materials improve beneficial
microbial performance in the soil specimens, primarily
through promoting HUB and HUF functionality,
further enhancing petroleum degradation in the soil.
Additionally, the HPLC results revealed that bio-
agents markedly increased the tomato fruits' vitamin
and carotenoid profiles. These results portrayed
crucial roles these natural admixtures (charcoal, RHA,
algae, and plantain peels) played in facilitating the
phytoremediation procedures and enhancing the crop’s
dietary and therapeutic qualities. Distinctively, this
research was conducted within 5 months, focusing solely
on tomato plants; it is recommended that the potential of
additional crops and the effects of long-term application
of bio-agents on soil microbial communities and nutrient
dynamics be explored further.
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