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ABSTRACT

Petroleum hydrocarbon contamination of soils is a persistent problem in many oil-producing regions, where
conventional remediation methods are often too costly or impractical to implement. Biostimulation using lo-
cally available organic materials offers a simple and sustainable alternative. In this study, cassava peels and
sawdust were evaluated as low-cost agro-waste amendments for the remediation of crude oil-polluted soil.
The materials were applied individually and in combination (1:1 ratio) and incubated for 56 days. Soil samples
collected on Days 0, 28, and 56 were analyzed for extractable total petroleum hydrocarbons (ETPH), nickel
(Ni), cadmium (Cd), and pH. Only minor natural attenuation was observed in the untreated polluted soil, with
about 1% ETPH reduction after 56 days. In contrast, cassava peels and sawdust enhanced hydrocarbon deg-
radation, achieving ETPH reductions of 23.1% and 18.7%, respectively. The combined treatment produced
the largest reduction (38.6%) and resulted in among the lowest residual Ni and Cd concentrations. Soil pH in
amended treatments remained near neutral, creating conditions favorable for microbial activity. Overall, the
findings show that agro-waste materials can effectively improve bioremediation performance and provide a
practical, low-cost option for managing crude oil-contaminated soils, particularly in resource-limited settings.

Keywords: Bioremediation; ecofriendly; cassava peels; sawdust; total petroleum hydrocarbons; heavy metals;
biostimulation; sustainable remediation

INTRODUCTION

Petroleum hydrocarbons are introduced into soil through activities such as crude oil exploration and produc-
tion, pipeline failures, refining operations, transportation accidents, and improper disposal of petroleum prod-
ucts. In regions with long histories of petroleum extraction, these inputs accumulate over time, resulting in
widespread and persistent soil contamination. Once present in soil matrices, petroleum hydrocarbons (PHCs)
alter key physicochemical properties, including porosity, nutrient availability, and permeability, thereby re-
ducing soil fertility and impairing ecosystem functions. In addition to these structural impacts, PHCs pose
toxicological risks due to the persistence of hazardous fractions such as polycyclic aromatic hydrocarbons
(PAHSs), which are resistant to natural degradation and can adversely affect terrestrial organisms and human
health through prolonged exposure pathways.!>* These effects are especially pronounced in oil-producing
regions where repeated contamination events and limited remediation capacity allow impacted soils to remain
underproductive for extended periods.

A broad range of remediation strategies has been developed to address PHC-contaminated soils, including
physical, chemical, thermal, and biological approaches.*>® Physical methods, including excavation, soil
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washing, and off-site disposal, can provide rapid contaminant removal but often disrupt soil structure and
merely transfer contaminants to secondary locations, such as landfills, at considerable economic and environ-
mental cost.>*” Chemical remediation techniques, such as chemical oxidation and stabilization, can reduce
contaminant concentrations or mobility; however, they require careful site-specific control and may negatively
affect indigenous microbial communities that are essential for long-term soil recovery.®® Thermal methods,
including thermal desorption and incineration, are effective for volatile and semi-volatile hydrocarbons but
are typically energy-intensive and associated with secondary pollution risks if off-gases are not adequately
managed.'®!! These limitations are well documented in systematic reviews of remediation technologies for
oil-contaminated soils, which consistently highlight the high cost, energy demand, and environmental trade-
offs of conventional approaches.®

Within this broader remediation landscape, Bioremediation has gained increasing attention because it offers a
cost-effective and environmentally compatible approach that supports the recovery of soil function rather than
simply removing contaminated material.!*'?> Bioremediation relies on the metabolic capacity of microorgan-
isms to utilize petroleum hydrocarbons as carbon and energy sources, particularly under aerobic conditions
where oxidative pathways dominate.!® In practice, bioremediation strategies are commonly implemented
through natural attenuation, biostimulation, or bioaugmentation.'*!* Natural attenuation depends on existing
site conditions and typically proceeds slowly, while bioaugmentation introduces specialized microbial strains
that may struggle to establish or persist under field conditions. As a result, biostimulation—enhancing indig-
enous microbial communities through nutrient, organic substrate, oxygen, or moisture additions—is often
favored for field-scale applications because it leverages native microorganisms and minimizes ecological dis-
turbance.”!

Despite its advantages, bioremediation effectiveness is frequently constrained by site-specific limitations, in-
cluding nutrient deficiencies (particularly nitrogen and phosphorus), insufficient oxygen availability, subop-
timal moisture content, and the limited bioavailability of aged or strongly sorbed hydrocarbon fractions.!'®
These constraints can significantly slow degradation kinetics even when hydrocarbon-degrading microorgan-
isms are present. Consequently, considerable research effort has focused on identifying low-cost amendment
strategies that simultaneously improve soil conditions and stimulate microbial activity. Organic and plant-
derived materials, including composts and agricultural residues, have been shown to enhance biodegradation
by supplying nutrients, increasing microbial biomass, improving soil structure, and altering contaminant ac-
cessibility within the soil matrix,!!7:18:19

Agro-waste materials are of particular interest in this context because they are widely available, inexpensive,
and compatible with circular economy principles that emphasize waste valorization. Lignocellulosic residues
such as sawdust have been reported to enhance petroleum hydrocarbon and PAH degradation by improving
soil aeration and providing surfaces for microbial colonization.!” Similarly, cassava processing residues have
been investigated as biostimulants in crude oil-contaminated soils, reflecting their abundance in many oil-
producing regions and their capacity to support microbial growth and soil recovery.?” While these materials
have shown promise individually, most studies evaluate single amendments in isolation. Fewer investigations
directly assess whether combining locally available agro-wastes can produce complementary effects by sim-
ultaneously addressing multiple rate-limiting factors, such as nutrient availability and soil physical structure.
Field-oriented reviews of remediation technologies consistently emphasize that integrated or combined treat-
ment approaches often outperform single-method strategies by addressing multiple limitations simultaneously
and improving overall remediation efficiency.® This perspective is particularly relevant for petroleum hydro-
carbon—contaminated soils, where hydrocarbons frequently co-occur with trace metals such as nickel and cad-
mium, increasing ecological risk and complicating remediation outcomes. Reports in the bioremediation lit-
erature indicate that treatment strategies extend beyond petroleum hydrocarbons to include a range of organic
and inorganic environmental contaminants, such as heavy metals, chlorinated organics, agricultural pollutants,
and other industrial organic compounds (Figure 1).1:12:20:21:22.23.24.25.26 R ather than targeting a single contami-
nant class, these approaches exploit biological processes that can simultaneously influence organic degrada-
tion and contaminant mobility by modifying soil properties, including pH, organic matter content, sorption
capacity, and microbial activity. The ability to address co-existing organic and inorganic contaminants within
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the same soil system underscores the need for integrated remediation strategies when treating crude oil-im-
pacted soils.

Representative Classes of Contaminants Addressed by Bioremediation

Mixed/complex contamination
(co-contaminated sites)

Petroleum hydrocarbons
(TPH, PAHs, BTEX)

Industrial organic pollutants
(dyes, phenols, solvents)

Heavy metals & metalloids
(Cd, Ni, Pb, Cr, As)

Agricultural pollutants
(herbicides, insecticides, nutrients)

Chlerinated organic compounds
(PCBs, solvents, pesticides)

Figure 1. Representative classes of environmental contaminants that can be addressed using bioremediation-based strate-
gies. The figure is illustrative and summarizes major contaminant groups reported in the literature rather than quantitative
global proportions.

Therefore, this study evaluates the effectiveness of two widely available agro-wastes—cassava peels and saw-
dust—as biostimulants for the remediation of crude oil—polluted soil. The materials were applied individually
and in combination (1:1 ratio) to stimulate indigenous biodegradation processes under controlled laboratory
conditions. Changes in extractable total petroleum hydrocarbons (ETPH), associated heavy metals (nickel and
cadmium), and soil pH were monitored over a 56-day treatment period. By directly comparing single-material
treatments with a combined amendment approach, this work tests the hypothesis that co-application produces
enhanced remediation performance. The findings aim to demonstrate a low-cost, environmentally sustainable
alternative to energy-intensive remediation methods, with particular relevance for oil-producing regions such
as the Niger Delta, where locally sourced materials can be leveraged to support practical and scalable soil
remediation.

MATERIAL AND METHODS

Apparatus and Instrumentation

All glassware used in this study was thoroughly cleaned with detergent, rinsed with distilled water, and oven-
dried before use. The major analytical instruments included a gas chromatograph equipped with a flame ion-
ization detector (GC-FID; Agilent 6890, USA) for extractable total petroleum hydrocarbon (ETPH) analysis
and a flame atomic absorption spectrophotometer (AAS; Solar Thermo Elemental, Model S4-71096, USA)
for heavy metal determination. Additional equipment included an analytical dial spring scale (Hana Scale
SP20 kg, China), a digital pH meter with glass electrode (PHS-25, PEC Medical, USA), a mechanical grinder
(Px 2200, China), and a stainless-steel soil sieve (10 mm mesh size).

Chemicals and Reagents

All chemicals used were of analytical grade. These included methylene chloride, cyclohexane, acetone, per-
chloric acid (HClOs), nitric acid (HNO3), sulfuric acid (H2SO4), and aluminum nitrate solution. Anhydrous
sodium sulfate and silica gel were used as drying agents during hydrocarbon extraction. All reagents were
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purchased from Sigma Aldrich, Darmstadt, Germany. Distilled water was used throughout for solution prep-
aration and dilution.

Preparation of Agro-Based Biostimulants

Cassava peels were collected from Aluu Community, while sawdust was obtained from a wood-processing
mill along the East-West Road, Rumuosi, Obio-Akpor Local Government Area, Rivers State, Nigeria. Both
materials were air-dried under ambient laboratory conditions (27-30 °C) for three weeks to reduce moisture
content. The dried cassava peels were milled into semi-fine particles using a mechanical grinder, whereas the
sawdust was used in its dried form without further size reduction.

Soil Sampling and Pretreatment

Bulk surface soil (0—15 cm depth) was collected from the Faculty of Agriculture garden, University of Port
Harcourt. The soil was air-dried for seven days, homogenized, and passed through a 10 mm sieve to remove
stones and plant debris. Before contamination, subsamples were analyzed to determine baseline pH, total pe-
troleum hydrocarbon content, and heavy metal concentrations.

Artificial Soil Contamination

To simulate crude oil pollution, 4 kg of the prepared soil were thoroughly mixed with 40 mL of Bonny Light
crude oil (light crude) using manual homogenization. The contaminated soil was left undisturbed for one week
to allow acclimatization of indigenous microorganisms before treatment application.

Experimental Design

The experiment consisted of five treatment groups, each containing 1 kg of soil, arranged as shown in Table
1. One group served as the uncontaminated control, while another consisted of contaminated soil without
amendment. The remaining groups received cassava peels, sawdust, or a combination of both as bio-stimu-
lants. The experiment was conducted over 56 days under laboratory conditions. Soil samples were manually
turned twice weekly to improve aeration, and moisture content was maintained by periodic addition of distilled
water.

Group Soil condition Treatment applied
1 Unpolluted soil (1 kg) No treatment
2 Polluted soil (1 kg) No treatment
3 Polluted soil (1 kg) Cassava peels (100 g)
4 Polluted soil (1 kg) Sawdust (100 g)
5 Polluted soil (1 kg) Cassava peels (100 g) + Sawdust (100 g)

Table 1. Experimental design for the different soil treatments.

Sample Collection

Soil samples were collected at predetermined intervals using clean, airtight sampling containers. The samples
were stored in insulated coolers with ice packs and transported immediately to the laboratory for analysis. Soil
samples for ETPH, Ni, Cd, and pH were collected at Day 0 (baseline), Day 28, and Day 56 of the 56-day
experimental period.

Determination of Extractable Total Petroleum Hydrocarbons (ETPH)

Extractable total petroleum hydrocarbons (ETPH) were determined by solvent extraction followed by GC—
FID analysis. 10 g of air-dried, homogenized soil was placed in a 1 L separatory funnel and extracted with
methylene chloride (20 mL). The extraction was performed three times. Each extraction involved vigorous
shaking for 2 min with intermittent venting, followed by phase separation for at least 10 min.
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The combined organic extracts were then passed through a drying column containing cotton wool, anhydrous
sodium sulfate, and silica gel. The extract was concentrated under a gentle stream of N> to 1 mL and diluted
with an equal volume of solvent. A 1 pL aliquot was injected into the GC—FID.

Separation was carried out on a capillary column using the instrument's routine temperature program for pe-
troleum hydrocarbon analysis. Quantification was performed using external calibration with hydrocarbon
standards. Calibration curves were linear over the working range (R? > 0.99). Reagent blanks and duplicate
samples were analyzed with each batch.

ETPH concentration was calculated according to equation 1 as:

C XV

ETPH (’:—j = (1)

Where C is the hydrocarbon concentration obtained from GC calibration (mg/L), V is the final volume of the
extract (L), and m is the dry mass of the soil sample (kg).

Determination of Heavy Metals in Soil

Nickel and cadmium were determined after acid digestion followed by flame atomic absorption spectropho-
tometry (AAS). 1 g of air-dried soil was digested with a mixed acid solution of H>SO4:HNO3:HCIO4
(40:40:20, v/v/v). The mixture was heated on a hot plate until nearly dry, yielding a clear solution. After
cooling, the digest was filtered and diluted to 100 mL with distilled water.

Metal concentrations were measured using a flame AAS with element-specific hollow cathode lamps. Cali-
bration was performed using standard solutions prepared from stock standards. Blanks and duplicate samples
were included during analysis.

Metal concentration (mg/kg) was calculated (equation 2):

Metal concentration (22) =2Y (2)
kg

m

Where A is the metal concentration measured by AAS (mg/L), V is the final digest volume (L), and m is the
dry mass of the soil sample (kg).

Soil pH Determination

Soil pH was measured using a soil-water suspension. 20 g of air-dried soil was mixed with 50 mL of distilled
water (1:2.5, w/v). The suspension was stirred and allowed to stand for 30 min, with occasional mixing. pH
was measured using a digital pH meter, calibrated with buffer solutions at pH 4.0 and 7.0 prior to measure-
ment.

Calculation of Percentage Reduction
To evaluate the efficiency of Bioremediation, the percentage reduction in total petroleum hydrocarbons and
heavy metal concentrations over time was calculated using equation 3:

% Reduction = % x 100 (3)

0

Where Cy is the initial concentration of the contaminant (mg/kg), and C; is the concentration at time t (mg/kg).

Statistical Analysis

All measurements were conducted in triplicate, and results are reported as mean + standard deviation (n = 3).
One-way analysis of variance (ANOVA) was used to assess overall treatment effects at the p < 0.05 signifi-
cance level, using SPSS software (version 20.0). Due to the limited sample size, differences among amended
treatments were interpreted cautiously and are discussed primarily as trends based on mean values.
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RESULTS AND DISCUSSION

Hydrocarbon reduction following amendment application

The results of this study show that agro-waste amendments, specifically cassava peels and sawdust, improved
the Bioremediation of crude oil-polluted soil over the 56-day experimental period, with measurements taken
at Days 0, 28, and 56. As shown in Figure 2, the untreated polluted control (Group 2) showed only a very
small decrease in extractable total petroleum hydrocarbons (ETPH), from 13,000 + 30.0 mg/kg at Day 0 to
12,870 + 21.22 mg/kg at Day 56, representing a reduction of about 1%. This minimal change reflects natural
attenuation, which typically occurs slowly in the absence of intervention, as indigenous hydrocarbon-
degrading microorganisms may be present but require improved environmental conditions to achieve
substantial contaminant removal.

14000 A (a) [ |payo
_ [ _|Day28
12000 - _ []pay 56

10000 - —

6000 -

ETPH (mg/kg)
|

4000 -

2000 -+

Group1 Group2 Group3 Group4 Group5

Figure 2. Extractable total petroleum hydrocarbon (ETPH) concentrations in experimental and control groups during the
56-day treatment period. Values are mean + standard deviation (n = 3). Day 0 represents the contaminated soil baseline
before amendment application; amended treatments (Groups 3-5) were applied after contamination and therefore do not

have separate Day 0 measurements.

In contrast, cassava peel amendment (Group 3) enhanced hydrocarbon reduction compared with the untreated
control (Figure 2). ETPH decreased to 10,877 &+ 24.07 mg/kg at Day 28 and further to 10,001 = 22.33 mg/kg
at Day 56, corresponding to 16.3% and 23.1% reduction, respectively, relative to the polluted baseline at Day
0 (13,000 £ 30.0 mg/kg, Group 2). Sawdust amendment (Group 4) also improved remediation performance,
with ETPH values of 11,787 + 31.33 mg/kg at Day 28 and 10,566 + 23.23 mg/kg at Day 56, representing 9.3%
and 18.7% reduction. The greatest decrease was observed in the combined cassava peel-sawdust treatment
(Group 5), where ETPH declined to 8,787 £ 16.55 mg/kg at Day 28 and 7,986 + 25.53 mg/kg at Day 56,
equivalent to 32.4% and 38.6% reduction, respectively. Percentage reductions in ETPH, Ni, and Cd were
calculated relative to the Day 0 polluted control (Group 2) using equation 3. Overall, the combined treatment
showed the largest reductions across the measured parameters. By Day 56, Group 5 had the lowest mean
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ETPH concentration among the amended soils, and all amended treatments showed lower ETPH levels than
the untreated polluted control, indicating improved hydrocarbon attenuation compared with natural
attenuation.

Mechanistically, the enhanced performance of the combined treatment is likely due to the complementary
roles of cassava peels and sawdust in improving key factors that limit petroleum biodegradation. Cassava
peels can act as a biostimulant by supplying readily degradable organic substrates and nutrients that promote
microbial growth and activity, as reported in previous studies on crude-oil degradation.?’” Sawdust, in contrast,
can improve soil physical properties such as porosity and aeration, provide additional organic matter that
supports microbial colonization, and influence contaminant availability through sorption. Together, these
effects create a more favorable soil environment for sustained biodegradation.

The improved performance observed in amended soils is therefore consistent with biostimulation processes.
Organic amendments can enhance microbial activity, improve soil structure, and modify contaminant
bioavailability, thereby contributing to more effective hydrocarbon attenuation. Similar trends have been
reported in studies showing that organic amendment—based remediation becomes more effective when
multiple limiting factors, such as nutrient availability, oxygen transfer, and soil matrix effects, are addressed

simultaneously.?%%

Heavy metals response during treatment (nickel and cadmium)

Crude oil-contaminated soils often contain trace metals such as Ni and Cd, which can contribute additional
environmental risk. In this study, nickel concentrations (Figure 3a) decreased the most in the combined
amendment treatment. By Day 56, the combined cassava peel-sawdust treatment (Group 5) had the lowest
mean nickel concentration among the amended soils and was lower than that of the untreated polluted control
(Group 2). Relative to the Day 0 polluted baseline (10.05 + 0.83 mg/kg), this corresponds to an 11.5%
reduction. Reductions observed for the single-amendment treatments were smaller than those for the multiple-
amendment treatments. The greater decrease in nickel under the combined treatment may be associated with
changes in metal mobility rather than direct removal. The addition of organic materials can increase soil
organic matter, enhance sorption, and modify metal bioavailability and partitioning. Such responses are
consistent with previous studies showing that organic amendments can influence heavy metal behavior by
altering sorption capacity, pH, and microbial activity, even when hydrocarbon degradation is the primary

objective 28
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Figure 3. (a) Nickel and (b) cadmium concentrations in experimental and control groups during the 56-day treatment period.

Values are mean =+ standard deviation (n = 3); small bars reflect low variability.

Cadmium concentrations also decreased under amendment conditions by Day 56. Cassava peel alone reduced
Cd to 3.10 £ 1.02 mg/kg, while sawdust alone reduced Cd to 3.78 + 1.25 mg/kg. Reductions were observed
across all amended soils, with the combined cassava peel-sawdust treatment (Group 5) showing the lowest
mean Cd concentrations (3.41 + 0.77 mg/kg at Day 28 and 3.08 = 0.19 mg/kg at Day 56). Relative to the Day
0 polluted baseline (4.51 + 0.08 mg/kg, Figure 3b), these values correspond to 24.4% and 31.7% reduction at
Day 28 and Day 56, respectively.

The observed decrease in Cd under amended conditions likely reflects changes in metal mobility rather than
direct removal. Organic amendments can enhance sorption and modify metal availability by interacting with
soil organic matter and altering soil chemistry. Overall, amended soils showed lower Cd concentrations than
the untreated control, while differences among amended treatments were relatively small and should be
interpreted as trends in mean values given the variability in Cd measurements.

Treatment Group ETPH reduction (%)*  Nireduction (%)* Cd reduction (%)*

Day 28 Day56 Day28 Day56 Day28 Day 56

Group 3 (cassava peels) 16.3 23.1 9.8 10.4 33 31.3
Group 4 (sawdust) 9.3 18.7 2.7 9.7 8.0 16.2
Group 5 (combined, 1:1) 32.4 38.6 10.6 11.5 24.4 31.7

*Percentage reductions were calculated relative to the polluted baseline at Day 0 (Group 2). Group 1 (unpolluted control) was

excluded from the calculations.

Table 2. Percentage reduction of ETPH, Ni, and Cd in amended soils at Day 28 and Day 56 relative to the polluted baseline
(Group 2, Day 0). Values were calculated from mean concentrations (n = 3). Differences among treatments are presented as

trends based on mean values.
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pH trends and implications for biodegradation performance

Soil pH is an important factor influencing microbial activity and nutrient availability during Bioremediation.
In the present study, amended soils showed a gradual shift toward neutral to slightly alkaline conditions by
Day 56 (Figure 4), with pH values generally in the range of approximately 7.0-7.5. In contrast, the untreated
polluted control remained slightly acidic, with pH values around 6.4—6.5 throughout the study period. Such
near-neutral conditions are generally favorable for hydrocarbon-degrading microorganisms and help maintain
a stable environment for sustained biodegradation over extended treatment periods. These findings are
consistent with previous studies indicating that effective Bioremediation depends on maintaining suitable
environmental conditions, including balanced soil chemistry, adequate moisture, and sufficient oxygen

availability to support microbial degradation processes. %!
10
8 1 A
A A A
:g- 6-_ mm o b A
A 4
= Day0
2 - Day 28
»  Day 56
0

Group1 Group2 Group3 Group4 Group5

Figure 4. Variation in soil pH across experimental and control groups during the 56-day bioremediation period. Values

represent the mean of triplicate measurements; error bars are not shown.

Detailed mean + standard deviation values corresponding to Figures 2—4 are included in the Supporting
Information (Tables S1-S4).

Why is this approach valuable compared to other remediation strategies?

A central strength of this work is that it leverages materials generally regarded as waste (cassava peels and
sawdust) to treat crude oil-polluted soils, supporting both remediation and circular resource use. Compared
with thermal and physicochemical methods, amendment-based Bioremediation can reduce secondary
environmental burdens. For example, thermal desorption is effective for hydrocarbon-impacted soils, but it
generates off-gases requiring air pollution control systems, and secondary pollution concerns are widely noted
in technical guidance and peer-reviewed literature.!’3? Likewise, systematic reviews of remediation
technologies highlight that incineration can be expensive and may lead to secondary pollution.[6] Chemical
oxidation approaches (e.g., ISCO) can provide faster contaminant reduction in some cases, but they require
careful oxidant delivery and management and may inhibit microbial communities—making them less aligned
with soil ecological recovery in certain contexts.?’*3 Excavation and landfilling can rapidly remove
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contaminated soil from a site, but often transfer the problem elsewhere and add transport/disposal burdens,
rather than restoring soil function in place.

In contrast, the approach demonstrated here provides a lower-cost, environmentally favorable pathway that (i)
enhances degradation relative to natural attenuation (Group 2), (ii) shows clear improvement with single
amendments (Groups 3 and 4), and (iii) shows the strongest overall performance with the combined
amendment (Group 5), consistent with an enhanced biostimulation effect (figures 2 and 3). The results
therefore, support the practical value of using agro-waste materials as biostimulants—especially in regions
where cassava processing and wood milling generate abundant residues and where low-cost remediation
approaches are needed.

Practical implications and study scope

Overall, the dataset supports the conclusion that cassava peel and sawdust amendments enhance remediation
performance individually, and that their combined application yields the greatest reduction in ETPH and
improved heavy metal outcomes over 56 days (Figures 2—4). Future work could strengthen mechanistic
attribution by directly tracking microbial abundance/activity, nutrient dynamics (N/P), and oxygen availability
across treatments; however, even within the current scope, the clear separation between untreated control and
amended soils, and the generally improved outcomes for the combined amendment, underscore the promise
of this waste-to-resource remediation strategy.

Limitations of the study

This study used soil artificially contaminated and incubated under controlled laboratory conditions. While this
approach ensured consistent starting conditions across treatments, the behavior of hydrocarbons and metals in
field soils may differ due to natural heterogeneity, weathering, fluctuating moisture, and varying aeration
conditions. Additionally, sampling was performed at three time points (Day 0, 28, and 56). Although these
measurements captured short-term trends, the study duration does not allow assessment of long-term stability,
potential rebound effects, or the persistence of treatment performance beyond the incubation period. The
combined amendment treatment also contained a higher total mass of organic material (200 g/kg soil)
compared with the single-amendment treatments (100 g/kg). Therefore, the greater reductions observed in this
treatment may reflect differences in amendment dose and associated sorption or dilution effects, and the
present design does not allow a clear distinction between dose effects and true interaction between cassava
peels and sawdust.

Furthermore, hydrocarbons were reported as bulk extractable total petroleum hydrocarbons (ETPH).
Fractionation into specific hydrocarbon groups was not performed, and microbial population dynamics were
not evaluated; consequently, the specific degradation pathways and biological mechanisms responsible for the
observed changes were not determined because this was beyond the scope of the present study. Similarly,
reductions in Ni and Cd are reported as decreases in measured concentrations following digestion and analysis.
Metal speciation, fractionation, or mass balance were not assessed; therefore, the results likely reflect changes
in metal mobility or immobilization rather than confirmed removal from the soil system.
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CONCLUSIONS

The present study demonstrates that agro-waste materials can be effectively repurposed as biostimulants for
the Bioremediation of crude oil-polluted soils. The application of sawdust and cassava peels individually
enhanced remediation performance relative to natural attenuation, as evidenced by measurable reductions in
extractable total petroleum hydrocarbons (ETPH) and associated heavy metals (nickel and cadmium) over a
56-day treatment period. Cassava peels showed particularly efficient hydrocarbon and metal reduction, likely
due to their ability to stimulate indigenous microbial activity through the provision of readily available organic
substrates. Importantly, the combined application of cassava peels and sawdust at a 1:1 ratio produced the
strongest overall remediation performance, yielding the highest reductions in ETPH and low residual concen-
trations of nickel and cadmium. This improved performance suggests a beneficial combined effect, in which
the complementary roles of the two amendments—nutrient stimulation from cassava peels and improved soil
structure and aeration from sawdust—collectively enhanced biodegradation processes beyond what was
achieved with either amendment alone.

Compared with energy-intensive and environmentally burdensome remediation approaches such as incinera-
tion, excavation, or chemical oxidation, the amendment-based bioremediation strategy evaluated in this study
offers a low-cost, environmentally sustainable alternative that minimizes secondary pollution while promoting
soil recovery. By converting readily available agro-wastes into functional remediation agents, this approach
aligns with circular economy principles and provides a practical solution for managing crude oil-contaminated
soils, particularly in resource-limited settings. Overall, the findings confirm that cassava peels and sawdust
are effective biostimulants for crude oil bioremediation, and that their combined application yields the most
robust remediation outcome. This work highlights the potential of locally sourced organic waste as a sustain-
able tool for environmental remediation and supports further development and field-scale evaluation of inte-
grated agro-waste-based bioremediation strategies.

Supplementary Materials: The results obtained from the analysis carried out on different days to check the effect of
cassava and sawdust on the Bioremediation of crude oil polluted garden soil are presented below:

ETPH (mg/kg)
DAY 0 DAY 28 DAY 56
GROUP 1 210.00+7.00 210.00+5.00 211.00+7.5
GROUP 2 13000+30.00 12888+19.01 12870.00+21.22
GROUP 3 - 10877.00+24.07" 10001.00+22.33"
GROUP 4 - 11787.00+£31.33 10566.00+23.23"
GROUP 5 - 8787.00+16.55" 7986.00+25.53"

Values are Mean + SD. Asterisks” indicate values lower than the Day 0 polluted control (Group 2); statistical comparisons are

interpreted cautiously due to n = 3.
Table S1. Total Petroleum Hydrocarbons in Experimental and Control Groups

Nickel (mg/kg)
DAY 0 DAY 28 DAY 56
GROUP 1 1.00+0.05 1.05+0.02 1.01+0.05
GROUP 2 10.05+0.83 9.98+0.77 10.01+0.91
GROUP 3 - 9.07+£0.67" 9.00+0.71
GROUP 4 - 9.7840.55 9.08+0.24
GROUP 5 - 8.98+0.44" 8.89+0.61"

Values are Mean + SD. Asterisks” indicate values lower than the Day 0 polluted control (Group 2); statistical comparisons are

interpreted cautiously due to n = 3.
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Table S2. Soil Nickel Concentration in Experimental and Control Groups

Cadmium ( mg/kg )
DAY 0 DAY 28 DAY 56
GROUP 1 0.05+0.01 0.02+0.01 0.03+0.01
GROUP 2 4.51£0.08 4.48+1.00 4.49+0.09
GROUP 3 - 4.36+1.02 3.10+1.02"
GROUP 4 - 4.15+0.95 3.78+1.25"
GROUP 5 - 3.41£0.77" 3.08+0.19"

Values are Mean + SD. Asterisks” indicate values lower than the Day 0 polluted control (Group 2); statistical comparisons are

interpreted cautiously due to n = 3.
Table S3. Soil Cadmium Concentration in Experimental and Control Groups

Soil pH
DAY 0 DAY 28 DAY 56
GROUP 1 6.97 7.15 7.10
GROUP 2 6.54 6.45 6.37
GROUP 3 - 7.10 7.40
GROUP 4 - 7.25 7.50
GROUP 5 - 6.90 7.33

Values represent the mean of triplicate measurements. Asterisks” indicate values lower than the Day 0 polluted control (Group 2);

statistical comparisons are interpreted cautiously due to n = 3.
Table S4. Soil pH in Experimental and Control Groups
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