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Abstract: The high prospect of mycoremediation and the lingering issues of Total Petroleum
Hydrocarbons (TPHSs), associated with crude oil pollution in Ogoniland, Niger Delta, Nigeria,
necessitate investigations for sustainable remediation options. Therefore, mycoremediation of
different contaminated soils (clayey, sandy, and loamy) and sediments collected within the
study area was carried out using Pleurotus ostreatus and fermented palm wine, both optimized
with Tween 80, for a period of 90 days. Results revealed variation in soils and sediments TPHs
content, in the range of 120 to 525 g/kg dry soil (about 12% to 50% of TPHs contamination),
which far exceeded the soil threshold value of 10 g/kg dry soil or 1%. Also, the TPHs
concentrations in the soils and sediments, and the remediation efficiency were directly related
to the textural properties, with the highest TPHs concentrations in clayey soils and the highest
remediation efficiencies in loamy soils. Both mycoremediation agents, enhanced with Tween
80, achieved TPHs remediation above 98% in all the treatments (except in sandy soil). In all
cases, the mycoremediation proceeded via pseudo second-order Kinetics, and the removal rates
peaked at 45-75 days. The kinetic insights also establish the initial TPHs concentration as one
of the key factors influencing the remediation efficiency. This study further revealed that
mycoremediation of TPHs works best in loamy soils; therefore, shifting soil properties towards
those of loamy during mycoremediation is highly recommended. Consequently, with the
abundant mycoremediation resources in the Niger Delta, mycoremediation can provide a
sustainable option in the clean-up of the petroleum-contaminated soils and sediments.

Keywords: mycoremediation; palm wine; P. ostreatus; tween 80; Ogoniland; Niger Delta;
soils; sediments; petroleum-contamination

1. Introduction

Ogoniland, Niger Delta, Nigeria, has a history of pollution and environmental
degradation arising from crude oil spillage [1,2]. Since the early 70s when the first
major oil spill was reported in the area, over 7000 spills have been reported, with many
of the oil spill sites left untreated for decades [3-5] Although currently, oil production
operations in the area have been suspended, there are still many oil facilities within
the region. Some of these facilities have seriously deteriorated, while others are often
vandalized, resulting in recurring spills [6,7]. There are three local government areas
of Gokana, Tai and Eleme in Ogoniland, reportedly associated with these frequent
spill sites; and about 1000 km squared area of Ogoniland is contaminated with crude
oil, according to reports by UNEP [8], Nnoli et al. [9], and Anoliefo et al. [10]. Such
contamination will take up to 25-30 years for clean-up and environmental restoration
[11-13]. The crude oil spills in the area have spread into soil, water, rivers and
sediments, with very high levels of Total Petroleum Hydrocarbons (TPHs) and
associated compounds such as benzene and other toxic pollutants in environmental
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matrices such as water reaching more than 1000 times the permissible level of drinking
water standards [8,14]. In soils, levels of oil pollution have also been reported to have
reached more than five and ten meters deep in many areas [8,10,15]. As of present,
most soils, water and sediments of Ogoniland are still highly contaminated, even in
places where remediation activities have reportedly been carried out. In addition to the
unresolved pollution crises, there are also reports of oil firms allegedly dumping
polluted soils in unlined pits [16,17]. These soils, water and sediments require suitable
treatments, and locally available and sustainable resources could be the solution.

Many pollutants are associated with crude oil spills [18,19], but the main ones
include Total Petroleum Hydrocarbons (TPHSs), Polyaromatic Hydrocarbons (PAHS),
and Trace metals [20-22]. TPHs consist of complex mixtures of hydrocarbon
compounds of different fractions. These include linear straight and branched chain C6
through C35 hydrocarbons, as well as aromatics such as benzene, toluene, xylenes,
naphthalene, and fluorene [23]. The pollutants associated with TPHs from crude oil
spills have profound toxicity towards human health and other environmental variables
[24]. These effects range from fatigue to headache, nausea, drowsiness, and long-term
effects such as permanent damage to the central nervous system [25,26]. Compounds
such as benzene, toluene, and xylene can affect the human central nervous system and
can lead to death at high enough concentrations [25]. Other effects of TPHSs include
effects on the nervous system (headaches, dizziness, and peripheral neuropathy), blood
(leukemia and other hematologic neoplasms), damage to the liver and kidney, irritation
to the skin and eyes, gastritis, changes in semen, and elevated levels of serum
creatinine [27]. Compounds such as benzene, benzo [a] pyrene, and gasoline have also
been reported as carcinogenic or probably carcinogenic [28].

The above reflects the hazards and the associated health risk that the people of
the Niger Delta, Nigeria, and Ogoniland in particular, have been exposed to in the
many decades of the crude oil pollution, in addition to the aesthetic nuisance of the
polluted environment.

The cost of remediation of Ogoniland is estimated at a billion dollars [8]. The
huge amount involved and limited finances on the part of the government, along with
other factors and logistics, have constantly delayed the commencement of the clean-
up process. There are also issues of limited technology and resource availability for
conventional clean-up approaches. However, the Niger Delta region of Nigeria, a
typical tropical rainforest region, has vast nature-based resources that can help in the
clean-up of the petroleum contamination. Such include bioremediation agents such as
plants, fungi, compost, animal manures, and the rich microbiomes associated with
tropical rain forests [29-31]. There is therefore a need to investigate and develop
methods that are locally and readily available, and cost-effective, with fewer
technological inputs for the clean-up of petroleum-contaminated soils and sediments
in the area, to ensure environmental sustainability.

Many studies have reported the prospects of nature-based solutions in the
treatment of petroleum-contaminted soils [32,33]. Studies also exist using artificially
contaminated soils from the Niger Delta for remediation experiments [34-36].
However, studies using mycoremediation agents on typical crude oil-contaminated
soils and sediments, taken from the sites of pollution in Ogoniland, Niger Delta,
Nigeria, are very scarce. The lingering episodes of the oil spills in Ogoniland and the
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associated hydrocarbon pollution and toxicity, call for the utilization of
mycoremediation for the clean-up of crude oil pollution in the area, due to the
abundant mycoremediation resources in the area.

The mycoremediation potential of P. ostreatus and palm wine, locally available
in the Niger Delta, Nigeria, on petroleum-contaminated soils has previously been
reported by (Dickson et al., [35]. These techniques have also been optimized for
increased efficiency with the addition of Tween 80 [37]. The scale of environmental
degradation by crude oil, the attendant cost of remediation, the associated human
health risk, and the absence of readily available sustainable remediation techniques in
the study area necessitate this investigation.

This study is aimed at assessing the prospect of mycoremediation in the treatment
of the different soil types and sediments contaminated by crude oil in Ogoniland, Niger
Delta, Nigeria. This study will also provide a kinetic insight to explore intrinsic
information during the remediation process that can help for further optimization and
utilization of mycoremediation in the clean-up of the polluted soils and sediments. The
outcome will provide better insight, as well as readily available, cost-effective, and
sustainable approach for the remediation of contaminated soils and sediments in
Ogoniland, Niger Delta, Nigeria, and similarly affected areas.

2. Methodology

2.1. Sample collection

Soils of different textural types, namely, clayey, sandy, and loamy, contaminated
by crude oil were sampled at a depth of 0-0.15 m at three different locations associated
with crude oil pollution in Ogoniland, Nigeria, using the methods of BSI ISO/DIS
18400-203 [38]. The sampling locations were Ogale (0294996 N, 0532999 E), Gio
(0304418 N, 0519421 E), and Bodo (0305325 N, 0510090 E). Petroleum-
contaminated river sediments were also collected from Gio (0304429 N, 0519401 E)
and Bodo (0307283 N, 0509572 E). The textural properties of the soils and sediments
were initially assessed onsite by the method of hand feeling and ribbon [39,40]. A
laser density particle size analyzer LS 13 was later used to evaluate the texture of the
soil and sediments in the laboratory of Nottingham Trent University (NTU) School of
Animal Rural and Environmental Science, Brackenhurst, UK, according to the
methods reported by Yang et al. [41] and Yang et al. [42]. The soil and sediment
samples that were collected from Ogoniland were packaged, transported to the
glasshouse of NTU, Brackenhurst, and stored under airtight conditions by methods of
BSI ISO/DIS, 18400-203, [43], prior to glasshouse activities.

2.2. Sample treatment and glasshouse set up

The study utilized 1.5-L plant pots, which were placed in a grow bag standard
plant trays of size 100 x 40 x 5 cm. This was done to avoid seepages of the crude oil
from the soil pots into the environment. The contaminated soils and sediments were
amended with cow manure at a ratio of 1:6 [35]. The soils and sediments were
respectively treated in a glasshouse with the P. ostreatus and fermented palm wine as
reported by [35]. A previous study by Dickson et al. [37] had revealed that
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mycoremediation treatments can be optimized by the addition of Tween 80; therefore,
all the treatments in the present study were carried out with the addition of Tween 80.

Glasshouse pots for the treatments with the white-rot mushrooms, P. ostreatus,
were prepared as follows: 10 g of the dried and grounded stumps of the palm tree were
weighed out and added to amended soils. This was followed by the addition of 5 g of
mushroom spawn, by uniformly spreading such into the soils. Next was to place a
layer of 10 g of the substrates on top of the soil. Another 5 g of the mushroom spawns
were correspondingly added to this layered palm substrate [35]. This approach allows
for a dual application of the mushrooms to the contaminated soil by mixing the
substrates with the soil and also by layering it on top of the soil, which was a
modification of the usual practices of only applying mushroom spawns to layered
substrate [44].

For the treatment sets with the fermented palm wine, palm wine was left
overnight (12-18 h) in the open to ferment according to the methods of Santiago-
Urbina and Ru E-Teran [45]. Then 200 mL of the fermented palm wine was measured
out by volume and added to each of the glasshouse pots containing the amended
petroleum-contaminated soils and sediments. This was followed by spreading 25 mL
of Tween 80 of a 5% Tween 80 solution as reported by Dickson et al. [37]. The
application of the palm wine to the pots treated with the fermented palm wine was
repeated each week during the treatment period.

2.3. Determination of TPHSs concentrations in the samples, and
remediation efficiency

The mycoremediation treatments were carried out under climatic conditions
identical to those of Ogoniland, Nigeria, in the glasshouse facility of NTU
Brackenhurst for a period of 90 days. During this time, sub-samples of the soils and
sediments were respectively collected at the onset of the study (Time = 0 days) and at
the intervals 30, 45, 60, 75, and 90 days. The soil and sediment samples taken were
then prepared, and an analysis for TPHs concentrations and remediation efficiency
was assessed according to the methods reported in Dickson et al. [35].

The soil and sediment samples collected at each interval were first air-dried,
ground and homogenized, sieved through a 2 mm mesh, and extraneous materials
removed prior to TPHs extraction and analysis using the methods of BS 1SO 11464
[46]. The extraction of TPHs in samples was then carried out using a microwave-
assisted extraction with a Milestone MA182-001 ETHOSUP Microwave system, with
a 1:1 acetone-heptane according to the methods of USEPA 3546 [47] and Punt et al.
[48]. The sample extracts and the TPHs standards were all analyzed in a GC-MS
(model Agilent Technologies 7000 GC/MS Triple Quad with 7890 GC and 7693
Autosampler (USEPA 8270E). The methods of BS EN ISO 16703 [49] were used for
the quantification of the TPHs in the soils and sediments, with the commercial TPHs
gasoline-diesel range standard used as the analytical standard. Initial calibration of the
instruments, followed by evaluation of the concentration of TPHSs, alongside
calibration verification, were all carried out.

The remediation efficiency of the treatments was evaluated as a ratio of the
difference between the initial TPHs concentrations (e.g., at the interval T = 0) and that
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of any particular interval (e.g., at T = 30) to the initial TPHs concentration (T = 0),
expressed as a percentage.

% TPHs remediation at 30 days (T = 30)
_ ((TPHs concentration at T = 0 — TPHs concentration at T = 30))

TPHs concentrationatT = 0

X 100%

2.4. Kinetic modelling of the TPHs results data

For kinetic modeling of the TPHSs results data, the concentrations of TPHSs at the
commencement of the experiment (T = 0 days) and at the different sampling times
during remediation (Time (t) = 30, 45, 60, 75, and 90 days) were inserted into kinetic
models of zero order, pseudo first order (PFO), and pseudo second order (PSO) [50,51].

2.4.1. Zero order (PFO) kinetic modelling

For zero-order kinetic modeling, Equation (1) was used, with a plot of [A]: against

t. A regression analysis was also evaluated for all the treatments.

e A zero-order reaction is one whose rate is independent of concentration.

e Because the rate is independent of reactant concentration, a graph of the
concentration of any reactant as a function of time is a straight line with a slope
of —k.

e The value of k is negative because the concentration of the reactant decreases
with time.

e The integrated rate law for a zero-order reaction also produces a straight line and
has the general form:

[A]: = [Alo — kt (1)

e where [A]o is the initial concentration of reactant A.

e [A]: is the concentration of the reactant at any time (t).

e ks the removal rate constant.

e The equation is in the form of the algebraic equation for a straight line, y = mx +
b,

e withy=[A],

e mx=—kt,

e andb =[Al.

e Aplot of A; versus t for a zero-order reaction should give a straight line with a
slope of —k.

The half-life of zero-order kinetics: If an increase in reactant concentrations
increases the half-life (t.) of the reactant, then the reaction has zero-order kinetics.
e  For zero-order half-life,

ti2 = [Alo/2k 2

2.4.2. Pseudo first order (PFO) kinetic modelling

For pseudo first-order (PFO) kinetic modeling, Equation (3) was used, with a plot
of In[A]o vs. t. A regression analysis was also evaluated for all the treatments.
e In a first-order reaction, the reaction rate is directly proportional to the
concentration of one of the reactants.
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e |f the concentration of A is doubled, the reaction rate doubles; if the concentration
of A is increased by a factor of 10, the reaction rate increases by a factor of 10,
and so forth.

where [A]o is the initial concentration of reactant A at t = 0;

k is the rate constant;

[A]: = concentration of the reactant A at any time =t.

The integrated rate law for PSO is:

In[A]; = 1,[A]o — Kt @)

e  Because the equation has the form of the algebraic equation for a straight line, y
=mx +b,

e withy=In[A]s

e and b =In[Al.,

e aplot of In[A]: versus t for a first-order reaction should give a straight line with a
slope of —k and an intercept of In[Alo.
The half-life of first-order kinetics: If an increase in reactant has no effect on half-

life (t12), it progresses by first-order kinetics.

e  For the first order,

2.4.3. Second order (PFO) kinetic modelling

For pseudo second-order (PSO) kinetic modeling, Equation (5) was used, and a
plot of 1/[A]: against t. A regression analysis was also evaluated for all the treatments.
e  The simplest kind of second-order reaction is one whose rate is proportional to

the square of the concentration of one reactant.

e  Consequently, doubling the concentration of A quadruples the reaction rate.
e  For the reaction 2A — products, the following integrated rate law describes the
concentration of the reactant at a given time:

1/[A],; = 1/[A], + Kt )

e  Because the equation has the form of an algebraic equation for a straight line, y
=mx +b,

e withy=1/[A],

e and b =1/[Al,

e anplot of 1/[A]: vs. t gives the slope k.
The half-life of second-order kinetics: If an increase in reactant decreases the

half-life (t12), the reaction has second-order kinetics.

e For second order,

t12 = 1/k[A]o (6)

2.4.4. Criteria for model fit for the TPHs removal kinetics

The criteria for model fit were determined using statistical analysis of the R-
square values (from the kinetic modeling and regression analysis), Pearson correlation
coefficient, standard error and the relative mean squared error (RMSE), in addition to
a paired two-sample t-test for means [52,53]. These statistical tests were carried out
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on the pair of fitting data for each model, e.g., [A] vs. T for Zero order, In[A]o vs. T
for PFO, and 1/[A]: vs. T for PSO, according to Dickson et al. [37]. The uniqueness of
each data point to fit the models, as indicated by the shape of the linear plot, and
inferences from the statistical analysis were used to determine the associated TPHs
removal kinetics of the different treatments.

2.5. Data quality, and scope of the study

For each of the treatments, the laboratory and instrumental analysis were carried
out in triplicates. For the collection of soil and sediment samples during the treatments,
composite soil and sediment samples that were properly homogenized were used for
the analysis. Samples were taken on the exact day of remediation evaluation and
prepared and analyzed within 24 h to prevent loss of TPHs due to continuous
biodegradation.

Generally, for kinetic modeling, several studies have recommended a minimum
of at least 3 measured experimental data points [54-56]. All the modeling in this study
made use of 6 measured experimental data, which were taken at T =0, 30, 45, 60, 75,
and 90 days. Statistical analyses carried out on the data include ANOVA, paired t-
tests, regression, correlation and error analysis. The statistical analyses were carried
out using MS Excel 2026.

Further statistical analyses (ANOVA) were also carried out to evaluate possible
differences in TPHs concentrations, remediation efficiency, and TPHs removal rates
in the treatments, among the various soil textural classes (clayey, sandy, and loamy
soils), and the sediments. Also, a paired T-test was used to assess possible differences
between the two mycoremediation agents (P. ostreatus and fermented palm wine) in
each of the soils. Thus, paired T-TESTs were carried out for T1 against T2, T3 against
T4, T5 against T6, T7 against T8, and T9 against T10, with respect to TPHs
concentrations, remediation efficiency, and TPHs removal rates.

3. Results

3.1. Soil texture and TPHSs concentrations in the samples

Textural classification of the soil samples identifies each of the soils as clayey,
sandy, and loamy, and the sediments as clayey sediments (Table 1).

Table 1. Textural classification of the soil and sediments samples.

Coordinates ) Soil particle size composition (%6) Textural class
SN Sample locations

N E Clay Sand Silt
1 0294996 0532009  Odale, Ogoniland, Niger Delta, 200 40.0 40.0 Loamy soil

Nigeria

2 0304418 0519421 Gio, Ogoniland, Niger Delta, Nigeria 3.0 90.0 7.0 Sandy soil
3 0305325 0510090 Bodo, Ogoniland, Niger Delta, Nigeria 70.0 10.0 20.0 Clayey soil
4 0307283 0509572 Bodo, Ogoniland, Niger Delta, Nigeria 65.0 10.0 15.0 Clayey sediment
5 0304429 0519401 Gio, Ogoniland, Niger Delta, Nigeria  65.0 10.0 15.0 Clayey sediment
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High levels of TPHs concentrations were observed in the soil and sediment
samples from Ogoniland, Nigeria (Tables 2 and 3). The highest TPHs contamination
of 540 g/kg dry weight of soil was found in clay soil (Tables 2 and 3). This was
followed by loamy soil (210 g/kg dry weight), then sandy soils (120 g/kg dry weight
of soil). These amount to about 12% to 50% TPHSs concentration in the soils and
sediments of the study area. The sediments had TPHs concentrations range of 240-
370 g/kg dry weight of sediments, which was about 24%-37% TPHs contamination.
The TPHs concentrations varied from site to site and generally reduced during the
treatment regime, both in the control and treated soils and sediments (Tables 2 and 3).

With respect to the soil types, the concentrations of TPHs were generally higher
in the clay soil than in the loamy and sandy soils, with sandy soil having the lowest
concentrations of the TPHs (Tables 1-3). The sediments both had TPH concentration
ranges that were below those of the clayey soil but higher than those of the loamy and
sandy soils. Sediments from Bodo had higher levels of TPHs compared to those of
Gio. Both P. ostreatus and fermented palm wine exhibited remarkable reductions in
the TPH concentrations during the treatments, compared to the controls (Tables 2 and
3).

The statistical analysis revealed a significant difference in the TPHSs
concentrations among the soil samples (clayey, sandy, loamy and the sediments)
during the mycoremediation treatments (p-values for ANOVA > 0.05). There was also
a significant difference in the % remediation efficiency of the mycoremediation
treatments among the different soils and sediments (p-values for ANOVA > 0.05, in
the respective comparison, Table S1 in supplementary material). Similar observations
were obtained for the TPHs removal rates during the mycoremediation treatments
(Table S1 in supplementary material). However, a comparison of the remediation
efficiency of the two mycoremediation agents (P. ostreatus and fermented palm wine)
revealed no significant differences in their % remediation efficiency and TPHSs
removal rates (Table S1 in supplementary material). This is observable in the paired
T-TEST for the treatment pairs, T1 against T2, T3 against T4, T5 against T6, T7
against T8, and T9 against T10, with respect to TPHs concentrations, remediation
efficiency, and TPHs removal rates (ANOVA p > 0.05, Table S1 in supplementary
material).
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Table 2. TPHSs concentrations in the treated soils and sediments of the study area.

TPHSs concentrations in the soil samples during the mycoremediation treatments (g of TPHs per kg of soil)

P.ostreatuson  Fermented Palm  Fermented Palm Fermented Palm P. ostreatuson  Fermented Palm P. ostreatus on Fer mented Palm P. ostreatus on Ferment_ed
: b b . - . . ; Wine on ; Palm Wine on
clayey soil from Wine on clayey Wine on clayey Wine onsandy loamy soil from Wine on loamy soil ~ Sediments . Sediments .
- - . - Sediments from - Sediments from
Bodo soil from Bodo soil from Bodo  soil from Gio Ogale from Ogale from Bodo Bodo from Gio Bodo
Time (days) T1 T2 T3 T4 T5 T6 T7 T8 T9 T10
0 525.01 531.24 120.61 124.26 212.85 215.52 239.61 241.56 362.71 369.12
30 495.01 515.12 116.95 119.95 168.47 191.47 222.34 223.81 352.11 357.34
45 485.25 495.36 112.46 116.46 58.47 87.87 193.43 211.11 295.63 298.63
60 4.12 3.13 57.00 17.00 0.15 0.17 5.89 111 6.51 1.23
75 291 1.93 29.13 9.13 0.06 0.05 411 0.11 2.99 0.12
Below Below quantification Below Below
90 2.44 1.011 23.2 5.05 quantification limit (E?QL) 3.03 quantification 2.45 quantification
limit (BQL) limit (BQL) limit (BQL)
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Table 3. Data for control soils and sediments during the treatments (TPHs concentrations (g of TPHSs per kg dry
soil/sediment), removal efficiency, and removal rates).

Clayey soil from Bodo  Sandy soil from Gio  loamy soil from Ogale  Sediments from Bodo  Sediments from Gio

Time (days) T1’ T2 T3 T4 T5°

0 535.19 12221 229.01 239.01 360.58
30 503.09 112.20 205.20 215.20 328.19
45 474.89 111.93 201.93 211.93 322.35
60 470.89 111.47 198.47 209.47 319.54
75 469.52 110.33 195.33 193.33 287.80
90 459.19 98.73 178.73 191.73 286.94

% Remediation efficiency of the control soils and sediments

Time (days) T1’ T2 T3 T4 T5°
0-30 6.00 8.19 10.40 9.96 8.98
30-45 5.61 0.24 1.60 152 1.78
0-45 11.27 8.42 11.83 11.33 10.60
45-60 0.84 0.41 171 1.16 0.87
0-60 12.01 8.79 13.34 12.36 11.38
60-75 0.29 1.02 1.58 7.70 9.93
0-75 1227 9.72 1471 19.11 20.18
75-90 2.20 1051 8.50 0.83 0.30
0-90 14.20 19.21 21.96 19.78 20.42

TPHSs removal rates in the control soils and sediments (g of TPHs/kg of soil per day)

Time (days) T1’ T2 T3 T4 T5°
0-30 1.07 0.33 0.79 0.79 1.08
30-45 1.88 0.02 0.22 0.22 0.39
0-45 1.34 0.23 0.60 0.60 0.85
45-60 0.27 0.03 0.23 0.16 0.19
0-60 1.07 0.18 051 0.49 0.68
60-75 0.09 0.08 0.21 1.08 2.12
0-75 0.88 0.16 0.45 0.61 0.97
75-90 0.69 0.77 111 0.11 0.06
0-90 0.84 0.26 0.56 0.53 0.82

3.2. TPHs remediation efficiency, and removal rate during the
mycoremediation treatments

The TPHs remediation efficiency of both agents tends to be low at the onset of
the remediation treatments at 0-30 days (Figure 1), generally below 10% (except for
the treatment with P. ostreatus on loamy soil, which had 21%). A similar scenario is
observed again during the interval 3045 and 0-45 days, with remediation efficiency
still less than 10% in most cases, and at most 16%. The exceptions during these
intervals were for the treatments on the loamy soil, which had 65% and 73% for P.
ostreatus at the intervals 30-45 days and 0-45 days, respectively, and that of

10
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% Remediation efficiency

100.00
80.00
60.00
40.00
20.00

0.00

=

T

Fermented Palmwine on the loamy, which had 54% and 59% TPHs reduction at 30—
45 days and 0-45 days, respectively.

All the treatments (except the sandy soils) had TPHs remediation efficiency
greater than 98% from the interval of 45-60 days and 0-60 days (Figure 1, Table S1
in supplementary material). During these intervals, the TPHs remediation efficiency
of the agents on the sandy soils was 49% and 53%; and 85% and 86%, respectively,
for P. ostreatus and fermented palm wine. While most of the treatments (except the
sandy soils) still maintained an overall remediation efficiency of greater than 98%
after 60 days of the treatment, the sub-intervals 60-75 and 75-90 days had lower TPH
removal efficiencies (Figure 1, Table S1 in supplementary material). The treatments
involving the sandy soils increased periodically with the treatment time, to the
maximums of 81% for P. ostreatus and 96% for the fermented palm wine, at 90 days.

The TPHs removal rates varied among the treatments during the
mycoremediation period, with all the treatments having the highest TPHs removal rate
within the interval of 45 to 60 days (Figure 2). The lowest TPHs removal rates were
observed for the periods 0-30 days, 60—75 days, and 75-90 days. The highest TPHs
removal rate of about 32—-33 g of TPHSs per kg dry soil per day was observed for the
treatment involving the clayey soil during the interval of 45 to 60 days (Figure 2,
Table S1 in supplementary material). Also, the treatments involving the sediments
also had relatively high TPHs removal rates (13-20 g of TPHSs per kg dry sediments
per day) during the same interval. The TPHs removal rates at the intervals 45-60 and
0-60 days were higher than the other intervals for each treatment and correlated
directly with the TPHs removal efficiency.

0-90
0-75

= o - i 0-45Treatment time
— -~ — 0-30
T2 T3 T4 s 16 | 17 T8 T9 T10 ( Days )

m0-30 |5.7142|3.0352|3.0352 3.4692 | 20.848 | 11.157 | 7.2087 |7.3476 2.9224 3.1914
¥30-451.9717 | 3.8348 | 3.8348 2.9052 | 65.292| 54.106 | 13.003 | 5.6749 | 16.04 | 16.43
m0-45 |7.5732 6.7537 |6.7537 | 6.2736 | 72.528 59.227|19.274 | 12.606 | 18.494 | 19.097
m45-60|99.151 99.369 |49.317 | 85.403 | 99.74 | 99.805|96.954 | 99.473 | 97.798 | 99.588
m0-60 |99.215|99.412| 52.74 86.319|99.928| 99.921|97.541| 99.54 98.205 | 99.667
H60-75 | 29.369 | 38.278 | 48.895 46.294 | 61.553 | 69.305 | 30.196 |90.111 54.071 | 90.252
m0-75 |99.446 99.637 |75.848  92.653 | 99.972 99.976|98.284 |99.954 | 99.176 | 99.967
m75-90 | 16.151 47.594 |20.357 44.688 | 14.617 23.896 | 26.319 |18.182 18.06 |33.333
m0-90 |99.535| 99.81 |80.764 95.93699.977 | 99.98198.735 | 99.963 99.325 | 99.978

m0-30 m30-45
Figure

m0-45 m45-60 m0-60 m60-75 mO0-75 m75-90 mO0-90
1. Remediation efficiency of the mycoremediation treatments.
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TPHs removal rates in the treated soils (g of TPHs

/Kg dry soil per day)
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Figure 2. TPH’s removal rates during the mycoremediation (values are in g of TPHSs per kg dry soil/sediments per

day).

3.3. TPHs removal kinetics of the mycoremdiation process

The TPHs removal kinetics of the mycoremediation treatments all progressed by
pseudo second-order Kinetics (Table 4, Figure S1 in supplementary material). For T1
(P. ostreatus on clayey soil from Bodo), the R-square values for pseudo second-order
(PSO) were the highest, while the R-square values for both zero order and PSO were
below the 0.8 threshold. Although the standard error for Zero was the lowest, the R-
square values take preeminence here. Again, the Pearson correlation (PC) and the Root
Mean Square Error (RMSE values favor PSO. Thus, the removal kinetics will
predominantly follow PSO (Table 4, Figure S1, supplementary material). The same
trend is observed for T2 (fermented palm wine on clayey soil from Bodo) and T7 (P.
ostreatus on sediments from Bodo).

For T3 (P. ostreatus on clayey soil from Bodo), the R-square values for PSO are
the highest; however, here, the R-square values for both zero order and pseudo first
order (PFO) are above the 0.8 threshold (Table 4, Figure S1 in supplementary
material). Therefore, we see some aspects of zero-order and pseudo-first-order kinetics
here too. Consequently, the Kinetics here are likely a mix of Kinetics but will
predominantly follow PSO. A similar trend is observed for T5 (P. ostreatus on loamy
soil from Ogale) and T6 (fermented palm wine on loamy soil from Ogale).

In the case of T4 (fermented palm wine on sandy soil from Gio), the R-square
values for PSO are the highest; however, the R-square values for Pseudo first order
(PFO) are also above the 0.8 threshold (Table 4, Figure S1 in supplementary material).
Therefore, we see some aspects of pseudo-first-order kinetics here too. Hence, the
kinetics here is likely a mix of PFO and PSO kinetics but will predominantly follow
PSO. A similar trend is observed for T8 (fermented palm wine on sediments from
Bodo), T9 (P. ostreatus on sediments from Gio), and T10 (fermented palm wine on
sediments from Bodo).
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Table 4. Summary of the kinetic modelling of the mycoremediation treatments.

R-Square Values

R-Square Values from Regression

Comments * R-square values greater than 0.8

from plotted graphs analysis Standard Relative mean Pearson are considered a good fit [57,58]
Soil Treatment Kinetic models ] Error (SE) squared error  Correlation ** The SE values indicate a measure of
R-Square Values Multiple R R Square Adjusted R (RMSE)** (PC) precision, while the RMSE values are a
form plotted graphs Square measure of the accuracy of each model [59]
Zero Order 0.7501 0.8661 0.7501 0.6876 0.4942 152.8075 —-0.8661 The R-square values for Pseudo second order
B (PSO) are the highest, and the R-square values
2;31 Sctreatus on claver sail PFO 0.7740 0.8798 0.7740 0.6986 13.0196 0.9268 0.8798 for both Zero order and PSO are below the 0.8
frém Bodo) yey threshold*. Again, the PC and RMSE values
PSO 0.9244 0.9615 0.9244 0.8992 7.5296 0.2340 0.9615 favor PSO. Thus, the removal kinetics will
predominantly follow PSO.
Zero Order 0.7443 0.8627 0.7443 0.6803 158.6473  0.4768 -0.8627 The R-square values for PSO is the highest, and
T2 the R-square values for both Zero order and PSO
(Fermented palm wine on PFO 0.7868 0.8870 0.7868 0.7157 12,6451 0.2843 —0.8870 are below the 0.8 threshold*. Again, the PC and
clayey soil from Bodo) RMSE values favour PSO. Thus, the removal
PSO 0.9141 0.9561 0.9141 0.8855 8.0252 0.2947 0.9561 kinetic will predominantly follow PSO.
Zero Order 0.8283 0.9101 0.8283 0.7853 15.0128 0.1984 —-0.9101 The R-square values for PSO is the highest,
however, here, the R-square values for both
s PFO 0.8153 0.9029 0.8153 0.7537 11.7699 0.0552 —-0.9029 Zero order and Pseudo first order (PFO) are
. above the 0.8 threshold*. Therefore, we see
(P. ostreatus on clayey soil F7 d d Pseudo fi
from Bodo) some aspects of Zero order and Pseudo first
PSO 0.9227 0.9606 0.9227 0.8969 7.6161 0.1917 0.9606 order kinetics here too. Therefore, the kinetics
here is likely a mix Kinetics, but will
predominantly follow PSO.
Zero Order 0.7730 0.8792 0.7730 0.7163 17.2596 0.5022 —0.8792 The R-square values for PSO is the highest,
however, the R-square values for Pseudo first
Ta PFO 0.8095 0.8997 0.8095 0.7460 11.9531 0.1268 —-0.8997 order (PFO) is also above the 0.8 threshold*.
(Fermented plam wine on Therefore, we see some aspects of Pseudo first
sandy soil from Gio) PSO 0.9072 0.9525 0.9072 0.8763 8.3415 0.2834 0.9525 order kinetics here too. Therefore, the kinetics

here is likely a mix of PFO and PSO Kkinetics,
but will predominantly follow PSO.
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Table 4. (Continued).

R-Square Values

R-Square Values from Regression

Comments * R-square values greater than 0.8

from plotted graphs analysis Standard Relative mean Pearson are considered a good fit [57,58]
Soil Treatment Kinetic models ] Error (SE) squared error  Correlation ** The SE values indicate a measure of
R-Square Values Multiple R R Square Adjusted R (RMSE)** (PC) precision, while the RMSE values are a
form plotted graphs Square measure of the accuracy of each model [59]
Zero Order 0.8687 0.9321 0.8687 0.8359 13.1264 0.4924 -0.9321 The R-square values for PSO is the highest,
however, here, the R-square values for both
5 PFO 0.8584 0.9265 0.8584 0.8112 10.3050 0.6833 —0.9265 Zero order and Pseudo first order (PFO) are
(P. ostreatus on loamy soil above the 0.8 threshold*. Therefore, we see
frém Ogale) y some aspects of Zero order and Pseudo first
g PSO 0.9209 0.9596 0.9209 0.8946 7.7012 3.2371 0.9596 order kinetics here too. Therefore, the kinetics
here is likely a mix kinetics, but will
predominantly follow PSO.
Zero Order 0.8622 0.9285 0.8622 0.8277 13.4487 0.4384 —-0.9285 The R-square values for PSO is the highest,
however, here, the R-square values for both
6 PFO 0.8390 0.9160 0.8390 0.7854 10.9879 0.7050 —-0.9160 Zero order and Pseudo first order (PFO) are
(Fermented plam wine on above the 0.8 threshold*. Therefore, we see
loamv soil fr?)m Ogale) some aspects of Zero order and Pseudo first
y g PSO 0.9097 0.9538 0.9097 0.8796 8.2308 0.3082 -0.9160 order kinetics here too. Therefore, the kinetics
here is likely a mix kinetics, but will
predominantly follow PSO.
Zero Order 0.7983 0.8935 0.7983 0.7479 16.2692 0.4191 —-0.8935 The R-square values for Pseudo second order
B (PSO) is the highest, and the R-square values
T7 _ PFO 0.7988 0.8937 0.7988 0.7317 12.2847 0.2159 0.8937 for both Zero order and PSO are below the 0.8
(P. ostreatus on Sediments
frc.Jm Bodo) threshold*. Again, the PC and RMSE values
PSO 0.9452 0.9722 0.9452 0.9269 6.4111 0.2015 0.9722 favour PSO. Thus, the removal kinetic will
predominantly follow PSO.
Zero Order 0.7712 0.8782 0.7712 0.7139 17.3308 0.4586 -0.8782 The R-square values for PSO are the highest;
however, the R-square values for Pseudo first
T8 PFO 0.8098 0.8999 0.8098 0.7465 11.9422 0.5011 —0.8999 order (PFO) are also above the 0.8 threshold*.
(Fermented Palm Wine on Therefore, we see some aspects of pseudo-first-
Sediments from Bodo) PSO 0.8318 0.9120 0.8318 0.7757 11.2330 0.4715 0.9120 order kinetics here too. Therefore, the kinetics

here is likely a mix of PFO and PSO kinetics but
will predominantly follow PSO.
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Table 4. (Continued).

R-Square Values

R-Square Values from Regression

Comments * R-square values greater than 0.8

from plotted graphs analysis Standard Relative mean Pearson are considered a good fit [57,58]
Soil Treatment Kinetic models ] Error (SE) squared error  Correlation ** The SE values indicate a measure of
R-Square Values ; Adjusted R (RMSE)** (PC) precision, while the RMSE values are a
f Multiple R R Square
orm plotted graphs Square measure of the accuracy of each model [59]
Zero Order 0.7876 0.8875 0.7876 0.7345 16.6951 0.4325 —-0.8875 The R-square values for PSO are the highest;
9 PFO 0.8083 0.8991 0.8083 07444 119895  0.2292 -0.8991 gfx\zg}g)ea?esﬂggr:b\ﬁ:ﬁ g%rgp iﬁfg&;’ﬁi
(P. ostreatus on Sediments Therefore, we see some aspects of pseudo-first-
from Gio) PSO 0.9365 0.9677 0.9365 0.9153 6.9004  0.2330 0.9677 ﬁ:::rlsk:?If;:;sahr?]r&tg?Plge;fgﬁsg?(rr:gﬁggsbut
will predominantly follow PSO.
Zero Order 0.7868 0.8870 0.7868 0.7335 16.7282 0.4437 —-0.8870 The R-square values for PSO are the highest;
however, the R-square values for Pseudo first
T10 PFO 0.8145 0.9025 0.8145 0.7526 11.7957 0.4709 —-0.9025 order (PFO) are a?lso above the 0.8 threshold*.
(Fermented Palm Wine on Therefore, we see some aspects of pseudo-first-
Sediments from Bodo) PSO 0.8375 0.9152 0.8375 0.7834 11.0387 21746 0.9152 order kinetics here too. Therefore, the kinetics

here is likely a mix of PFO and PSO kinetics but
will predominantly follow PSO.
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4. Discussion

4.1. TPHs concentration in the soils and sediments

TPHs values in the soil types and sediments in the present study varied from 120
to 540 g/kg dry soil/sediment and were significantly different among the soil types and
sediments (Tables 2 and 3, Table S1 in supplementary material). These values are
quite higher than the soil threshold limit of 10 g/kg dry soil or 1% [60—62]. Therefore,
people in contact with these soils and sediments will likely experience the health
hazards associated with TPHs toxicity.

The range of TPHSs values obtained in the present study (120-540 g/kg dry soil)
is comparable to 150-450 g/kg of (Dickson et al., [37] and the 420 g/kg reported by
Kim et al. [60]. However, the soils reported by Dickson et al. [27] and Kim et al. [63]
were both silty loam soils, while those of the present study ranged from clayey, sandy,
loamy, and sediments. Brazauskiene et al. [64] demonstrated that soil texture can
influence the concentrations and speciation of soil pollutants. In the present study, it
is observed that the highest concentration of TPHs was in the clay soil, followed by
the sediments, loamy soil, and lastly sandy soil. The implication here is that soil
textural properties can influence the TPH’s holding capacity. However, these samples
were collected at different locations, associated with varying distances from the
contaminating source, and also the age and duration of the oil spills. Therefore, in
corroboration with Khan et al. [65], there may be other factors that may also influence
the variation of the TPHs concentrations in the various soil types and sediments from
Ogoniland, Nigeria, in addition to the soil textural classes.

The oil spills in Ogoniland have been reported as far back as the 70s, with many
of the spill sites left untreated for decades, with recurring spills [3]. Dickson et al. [37]
reported that the age and duration of oil spills can lead to high concentrations of TPHs
in soils. Also, Palinkas et al. [66] and Babatunde [67] both stated that oil pollution is
worse in the proximity of the source. Therefore, in addition to textural properties, the
variations in TPHs concentrations at the different sampling points associated with the
soil types and the sediments from Ogoniland may also be due to the age and duration
of the oil spills, in addition to their respective distances from the contamination source.
Some of the samples were collected from points of direct impact, while others were
obtained some distances away from contaminant sources due to site barriers. Again,
some of the samples were also collected from areas with recurring pollution. These
observations explain the variation in TPHs concentrations in the soils and sediments
of the area in the present study. Therefore, the range of TPHs concentrations in soils
and sediments will be a function of textural class, the age and duration of the oil spills,
as well as their respective distances from the contamination source. Timely treatment
of the contaminated sites would help reduce the cumulative effects of these
contaminants, prevent leaching, and contaminants transport to other locations and
biological systems.

The highest concentration of TPHs was observed on the clayey soils, followed
by the sediments, loamy, and then sandy soils. Clay soils have smaller particles [68],
characterized by a very fine texture, with a sticky and plastic feeling when wet as a
consequence of their small, tightly packed particles [69]. The cohesive and adhesion
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properties of clay soils are also higher compared to other soils [70]. Thus, crude oil
contaminants are more tightly bound to the clay particles than in other soil types [71],
thereby providing the capacity to hold on to higher concentrations of TPHSs, as
observed in this study. The textural properties of river sediments vary depending on
the river’s flow and source but most often consist of a mix of sand, silt, and clay
particles [72,73]. The proportion of each particle in the sediments depends on the
depositional environment. It has been reported that river sediments with a higher clay
content will exhibit similar sticky, plastic properties to clay soil when wet, similar to
those of the clay soil [74,75]. The textural properties of the sediments in this study
were closely related to those of clay (Table 1); therefore, the observed trend in the
TPHSs concentrations in the soils and sediments should be expected.

4.2. TPHs remediation efficiency during the mycoremediation treatments

Al-Dhabaan [76] used some specific fungi isolated from Dhahran in Saudi Arabia
to carry out mycoremediation of crude oil contaminated soil. The study revealed
remediation of levels of 58% for Aspergillus niger, 51% for Aspergillus spelaeus, and
47% for Aspergillus polyporicola. The result obtained in the present study revealed
far higher levels of remediation efficiency. These may be due to several reasons. First,
the present study was carried out with the addition of Tween 80, which has the known
effect of enhancing the remediation efficiency of TPHs remediation agents in soils
[77,78]. Again, the palm wine used in the present study is a consortium of
microorganisms, principally yeast, which also revealed the synergistic effect of such
an association in mycoremediation [79]. Also, Dickson et al. [35] had reported that the
addition of cow manure during phytoremediation of petroleum-contaminated soils
aids in supplying functional soil microbes, which can synergistically enhance the
remediation efficiency of the agents as well. Finally, the white rot fungus, P. ostreatus,
has extensive mycelia [80,81], which can aid better penetration into the soils and
sediments for remediation action. The remediation output in the present study,
particularly with mycoremediation agents that are readily available in the Niger Delta
region of Nigeria, indicates a promising potential of utilizing the technique for clean-
up of petroleum-contaminated soils and sediments in Ogoniland and other parts of the
Niger Delta, Nigeria.

The low TPHs remediation efficiency of both mycoremediation agents (P.
ostreatus and fermented palm wine), observed at the onset of the remediation
treatments, may be due to a number of factors. These include the relatively low
bioavailability of the TPHs in the soils and sediments; low activity of soil microbes
usually associated with soils highly contaminated with crude oil; and the time for the
mycoremediation agents to adapt to the contaminated environment before exerting
their actions on the TPHs. The treatment of the contaminated soils and sediments in
the present study was all optimized with Tween 80 because previous studies by
Dickson et al., [37] had demonstrated that Tween 80 generally enhanced the
remediation efficiency of the mycoremediation agents, P. ostreatus and fermented
palm wine. Khan et al. [65] stated that sites associated with long-term contamination
are dominated by the strongly bound or recalcitrant fraction of hydrocarbons, which
are not readily bioavailable. Therefore, solubilizing agents are required during the
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treatments of such soils, which was offered by the addition of Tween 80 in the
treatments carried out in the present study. The addition of Tween 80, with time
allowed for the availability of TPHs, and consequently the actions of the agents.
However, as observed in the present study, the addition of Tween 80 may require some
time and other factors for effective remediation to set in.

With respect to soil microbial activities, studies such as Timmerman et al. [82]
and Franco et al. [83] have reported decrease in soil microbial communities in soils
contaminated with crude oil. Also, a subsequent increase in soil microbial activities,
as the TPHs remediation in soils progressed has also been documented [83-85].
Therefore, the low TPHs removal on the onset of the remediation would also be
associated with low soil microbes, and vice versa. This argument corroborates that of
Margesin et al. [86], who demonstrated an increase in soil microbial population during
biostimulation treatment of petroleum-contaminated soils. This observation implied
that a time frame is also required for remobilization of the soil microbes that will aid
the mycoremediation as well. Accordingly, identifying factors that will aid the timely
remobilization and increase in soil microbial populations will also help in the further
timely enhancement of the mycoremediation process.

Another factor that may play out here would be the time for the mycoremediation
agents (P. ostreatus and fermented palm wine) to adapt to the highly contaminated
soils before exerting their actions on the TPHs. Adenipekun and Lawal [87] stated that
mycoremediation agents do not require preconditioning before application. While this
might be true in the context of the overall remediation efficiency of the agents, the
result of this study suggest that preconditioning of mycoremdiation agents to the
contaminated soil may help in early adaptation, which can help to reduce the overall
duration of the mycoremediation treatment. Therefore, further investigations into
factors that can enhance timely adaptation of mycoremediation agents during
remediation of highly contaminated soil are required.

A quick glance at the intervals 30-45 days and 045 days, respectively, for P.
ostreatus on the loamy soil revealed 65% and 73% TPHs removal, which were
significantly higher than those of the other soil treatments (Figure 1, Figure S2, Table
S1 in supplementary material). This same trend was observed for the treatments with
fermented palm wine on the loamy soil (the TPHs removal efficiencies were 54% and
59% during the same interval (30—45 days and 0-45 days), remarkably higher than
those of the other soil types and sediments). The observed better TPHs removal
efficiency of both agents on the loamy soil would be a function of its textural
properties. Loamy soil is a mixture of sand, clay and silt particles in equal or nearly
equal proportion [88]. This allows for easy distribution and interaction among other
soil factors, contaminant molecules, and the mycoremediation agents. The ease of such
interactions aids the increased efficiency of the remediation in the loamy soil,
compared to the other soils and sediments. Clay soils are very sticky and dense
[89].The addition of organic manure loosens the clay particles and allows for the
penetration of mushroom myecelia for remediation [90], yet the interaction therein will
not be compared to those of the loamy soils. Soil particles are loosely held in sandy
soils. Sandy soils also have larger pore spaces. The addition of organic manure binds
the sandy particles [91]. However, the sandy soils may also be associated with too
many pollutant particles in soil pores, which can cause pollutant stress on the agents
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and less remediation efficiency. A further mixing of the substrates and mushroom with
the sandy soil can result in sandy particles and the contaminant molecules being further
apart from contact with the mushroom mycelia. Thus, the observed trend in the
remediation of the efficiency of P. ostreatus on the different soil types.

The above findings established that mycoremediation of TPHs works best in
loamy soils, therefore, shifting soil properties towards those of loamy during
mycoremdiation is highly recommended. Clay soils can be improved to loamy soils
by the addition of appropriate particles of sand and silt, in addition to other
amendments such as compost, organic and animal manure, as well as sand particles
[90,92]. Similarly, sandy soils can also be adapted to being more loamy. This outcome
is further highlighted in the overall remediation efficiency after 90 days (Table 2,
Figure 1, Figure S2 in supplementary material). It is observed here that the overall
remediation of the sandy soil treatments was still below 90% for the treatment with P.
ostreatus, which implies that the remediation on the sandy soil can be improved by
improving the soil textural properties towards those of the loamy soil.

A comparison of the remediation efficiency of the mycoremediation agents (P.
ostreatus and Fermented Palm wine) obtained in the present study on petroleum-
contaminated soils to those of Tibshelf, Derbyshire, UK [37], demonstrates that
methods developed with the soils from Tibshelf, UK, can be reliably applied to soils
in the Niger Delta, Nigeria. This finding is beneficial for both research and real-life
applications. In Dickson et al. [37], conditions were replicated to represent those
typical of the Niger Delta, Nigeria, with temperatures at 15 °C-25 °C and watering
conditions in the glasshouse. The study also utilized typical real-life petroleum-
contaminated soils (taken from contaminated sites), the soils were amended with cow
manure, and it was carried out under unsterilized conditions. These would allow for
easy applications of the methods either in situ or in bioremediation plants.

Generally, the TPHs concentrations in the soils and sediments of the study area
were higher than the soil threshold values of 10,000 mg of TPHSs per kg dry soil [93].
As observed in this study, the mycoremediation of the contaminated soils and
sediments with P. ostreatus and fermented palm wine was able to reduce the TPHs
concentrations in the soils to values within the soil threshold levels. Similar outcomes
were not obtainable in the control soils and sediments (Table 3). These outcomes
accordingly demonstrate that mycoremediation can be utilized in both temperate and
tropical soils and is a feasible option for the treatment of the highly contaminated soils
and sediments in Ogoniland, Niger Delta, Nigeria.

4.3. TPHs removal kinetics of the mycoremdiation process

The TPHs removal rates revealed the peak period of the mycoremediation
activities was within the interval 45-60 days (Figures 1 and 2). As it is, both the TPHs
remediation efficiency and removal rate were quite low before 45 days. These insights
require some careful considerations for intrinsic inferences therein. First, what factors
would have limited the removal rate and efficiency before the 45 days, and then, what
factors would have enhanced such after 45 days? Also, are the removal efficiency and
rates after the 45-60 days interval enough to continue the remediation treatment for
the remaining 90 days, or would it be logical to end the remediation treatment in a
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time frame less than 90 days? The kinetic insight from the TPHs removal kinetics, in
terms of the TPHs removal rates, and the kinetic modeling will help in making
plausible scientific deductions and conclusions on these.

The TPH's removal kinetic modeling revealed that all the mycoremediation
treatments progressed by pseudo second-order Kinetics (PSO). In some cases, the
possibility of mixed kinetics, but predominantly progressing via the PSO, was also
observed (Table 4). According to Ho [94], the reaction rate of second-order kinetics
is a function of the initial concentration. Therefore, it suffices to say that the TPHs
removal rates and removal efficiency would have slowed down until an appropriate
concentration, which was ideal for the PSO to set in, was achieved. Also, in PSO, the
reaction rates are exponentially related to a change in concentrations [54], which
explains why a high remediation efficiency and TPHs removal rates was achieved
within a short interval of 45-60 days, compared to the entire duration of the
mycoremediation treatments.

Furthermore, the low TPHs removal efficiency and removal rates observed at
other intervals indicate that other kinetics (of zero order and pseudo first order-PFO)
would have operated at those intervals. Thus, the mix kinetics projected for some of
the treatments (Table 4) seem plausible, with the PSO being the determinant kinetics
as indicated.

A further look at the TPHs removal rates at the interval of 0—45 days (Figure 2)
highlights that certain factors would have limited the TPHs removal efficiency at this
interval. Some of the factors already discussed include TPHSs solubility and availability,
the activity of soil microbes, and the time taken for mycoremediation agents to adapt
to the contaminated soils and sediments. Therefore, factors that would aid increased
TPHs solubility and availability, enhance soil microbial activities, and allow earlier
adaptation of the agents at the earlier stages of the remediation treatments (0-45 days)
will increase the TPHs removal efficiency of the agents. One of such factors, as already
specified, is the initial TPHs concentrations in the soils and sediments.

The initial TPHs concentrations in the treatments ranged from 120 to 525 g/kg
dry soil/sediment. These concentrations are also associated with the interval 0-45 days,
where there was little decrease in the TPHs concentration (less than 20% for most
treatments, except the loamy soil). At the interval of 45-60 days (which is associated
with the peak of the TPHs removal rate and removal efficiency), the TPHSs
concentration was 58 to 460 g/kg dry. Specifically, the TPHs concentrations for the
treatments at these intervals were 490, 460, 110, 120, 59, 88, 190, 210, 300, and 300,
for the respective treatments, against the values at the onset of the experiment (Table
S1, supplementary material). Since these TPHs concentrations were associated with
the maximum TPHs removal rates and remediation efficiencies, it can be deduced that
using these concentrations as the initial concentrations of TPHs in the soils and
sediments would have increased the remediation process, particularly with respect to
reducing the time required for the treatments of the soils and sediments. Therefore,
readjustment of the initial TPHs concentration in highly contaminated soils and
sediments is required for an overall enhanced remediation efficiency. Such can be
achieved by diluting the highly contaminated soils and sediment with substances such
as pristine soils and other amendments, e.g., compost, organic manures, and biochars.
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These factors can help enhance the TPHs removal rates and remediation efficiency at
the early stages of the process.

It was also observed that after 60, and at most 75 days, the removal efficiency for
most of the treatments (except the sandy soils) had attained greater than 98% (Figure
1, Table S1 in supplementary material). Therefore, the mycoremediation treatment for
the soils and sediments should have ended at about 75 days for the other treatments,
except the sandy soils.

Consequently, the factors that would have limited the TPHs removal rates and
remediation efficiency in the early stages of the treatment would include high initial
concentrations of the TPHs in the soils and sediments, low TPHs solubility and
availability, low activity of soil microbes, and the time taken for mycoremediation
agents to adapt to the contaminated soils and sediments. On the other hand, factors
that would have helped to enhance the TPHs removal rates and remediation efficiency
in the intervals after 45 days, specifically 45-60 days, will include optimal
concentrations of the TPHs, increased TPHs solubility and availability, increased soil
microbial activities, and the adaptation of mycoremediation agents to the contaminated
soils and sediments.

4.4. Feasibility of large scale application of the mycoremediation process

The study was actually carried out replicating environmental variables that are
identical to those of Ogoniland, Niger Delta, Nigeria. Such include using typical crude
oil contaminated soils and sediments taken from sites of contamination in Ogoniland,
Nigeria, and replicating similar climatic conditions of the Niger Delta, Nigeria.
Therefore, replicating this in real-life commercial applications is highly feasible. Also,
the abundance of the mycoremediation agents used in the present study (palm wine
and P. ostreatus) in the Niger Delta region of Nigeria makes the technique very
promising. Further details on the commercial feasibility of nature-based solutions in
the remediation of petroleum-contaminated soils have been discussed in Dickson et al
[37].

5. Conclusion

The present study revealed that both soils and sediments of Ogoniland, Niger
Delta, Nigeria, have been impacted with high levels of TPHs from crude oil pollution.
This study has also revealed that P. ostreatus and fermented palm wine can be used
for the remediation of petroleum-contaminated soils in both temperate and tropical
climates.

Other deductions from the present study include:

e  Soil textural properties can influence TPHs holding and remediation capacity. In
the present study, the highest TPHs concentration was found in the clayey soils,
followed by river sediments, then loamy and sandy soils.

e  Other factors that can also influence the TPHs concentrations in soils and
sediments include the age and duration of the oil spills, as well as their respective
distances from the contamination source.
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e The efficiency of mycoremediation treatment is better in loamy soils; therefore,
shifting soil textural properties towards those of a loamy soil can also help to
increase the efficiency of mycoremediation.

e Kinetic modeling of the mycoremediation treatments has revealed that the
mycoremediation of the soils and sediments progressed by pseudo second-order
kinetics. It has also revealed the need for further dilution of highly contaminated
soils and sediments to achieve optimal initial concentrations for the best
mycoremediation outcomes.

e Remediation of most of the highly contaminated soils and sediments was
completed before the 90 days.

e  Mycoremediation can work for both temperate and tropical soils. Therefore, the
technique is a feasible option for the treatment of the highly contaminated soils
and sediments in Ogoniland, Niger Delta, Nigeria.

Supplementary materials: The supplementary material contains information on the
following: Raw data for TPHs concentrations, Removal efficiency, and removal Rates,
in the soil samples during the treatments; with the results from statistical analysis;
Kinetic modelling of the mycoremediation treatments, including the Kinetic graphs for
each treatment and each of Zero order, PFO and PSO; Graphical presentation of
Remediation efficiency of the mycoremediation Treatments with error bars.

Conflict of interest: The author declares no conflict of interest.

References

1.

10.

11.

Nwozor A. Depoliticizing environmental degradation: Revisiting the UNEP environmental assessment of Ogoniland in
Nigeria’s Niger Delta region. GeoJournal. 2020; 85(3): 883-900. doi: 10.1007/s10708-019-09997-x

Ukhurebor KE, Athar H, Adetunji CO, et al. Environmental implications of petroleum spillages in the Niger Delta region of
Nigeria: A review. Journal of Environmental Management. 2021; 293: 112872. doi: 10.1016/j.jenvman.2021.112872

Ite AE, Ibok UJ, Ite MU, Petters SW. Petroleum exploration and production: Past and present environmental issues in the
Nigeria’s Niger Delta. American Journal of Environmental Protection. 2013; 1(4): 78-90. doi: 10.12691/env-1-4-2

Uduji JI, Okolo-Obasi EN, Asongu SA. Oil extraction in Nigeria’s Ogoniland: The role of corporate social responsibility in
averting a resurgence of violence. Resources Policy. 2021; 70: 101927. doi: 10.1016/j.resourpol.2020.101927

Sam K, Zabbey N, Vincent-Akpu IF, et al. Socio-economic baseline for oil-impacted communities in Ogoniland: Towards a
restoration framework in Niger Delta, Nigeria. Environmental Science and Pollution Research. 2024; 31(17): 25671-25687.
doi: 10.1007/s11356-024-32805-0

Allison C, Oriabure G, Ndimele PE, Shittu JA. Dealing with oil spill scenarios in the Niger Delta: Lessons from the past. In:
The political ecology of oil and gas activities in the Nigerian aquatic ecosystem. Academic Press; 2018. pp. 351-368.

Ben I. The development of a framework for assessing the impact of oil spills in the Ogoni land of Nigeria Niger Delta [PhD
thesis]. Doctoral dissertation, Glasgow Caledonian University; 2022.

UNEP. Environmental assessment of Ogoniland. United Nations Environment Programme. 2011.

Nnoli NG, Olomukoro JO, Odii EC, et al. Another insight into the contamination levels at Ogoniland in Niger Delta, Nigeria,
with focus on Goi Creek. Environmental Science and Pollution Research. 2021; 28(26): 34776-34792. doi: 10.1007/s11356-
021-13117-z

Anoliefo GO, Nwaokolo M, Edegbai BO, Ikhajiagbe B. Ex-situmycoremediation of petroleum polluted soils in Ogoniland,
Nigeria. bioRxiv. 2023. doi: 10.1101/2023.01.08.523087

Ite AE, Harry TA, Obadimu CO, et al. Petroleum hydrocarbons contamination of surface water and groundwater in the Niger
Delta region of Nigeria. Journal of Environment Pollution and Human Health. 2018; 6(2): 51-61. doi: 10.12691/jephh-6-2-2

22



Pollution Study 2025, 6(1), 3274.

12.

13.

14,

15.

16.

17.

18.

19.

20.

21.
22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

Nwoma IF, Anyika VO. Restoration of the ecosystem: Ogoni cleanup and the mitigation of social tensions, 2018-2023.
Human Ecology Review. 2024; 28(1): 25-40. doi: 10.22459/her.28.01.2024.03

Ya’u A, Kurawa NS, Badamasi N. New approach for environmental restoration in Ogoniland: A proposed framework.
International Journal of Intellectual Discourse. 2024; 7(1): 287—-298.

Onuh PA, Omenma TJ, Onyishi CJ, et al. Artisanal refining of crude oil in the Niger Delta: A challenge to clean-up and
remediation in Ogoniland. Local Economy: The Journal of the Local Economy Policy Unit. 2021; 36(6): 468—486. doi:
10.1177/02690942211071075

Olukaejire SJ, Ifiora CC, Osaro PA, et al. Petroleum Exploration in the Niger Delta Region and Implications for the
Environment: A Review. Journal of Energy Research and Reviews. 2024; 16(5): 19-29. doi: 10.9734/jenrr/2024/v16i5350
Ugochukwu CN, Ertel J. Negative impacts of oil exploration on biodiversity management in the Niger Delta area of Nigeria.
Impact assessment and project appraisal. 2008; 26(2): 139-147.

Mmom P, Igbuku AOO. Challenges and prospect of environmental remediation/Restoration in Niger Delta of Nigeria: The
case of Ogoniland. Journal of Energy Technology and Polymers. 2015; 5: 5-5.

Short J. Long-term effects of crude oil on developing fish: Lessons from the Exxon Valdez oil spill. Energy Sources. 2003;
25(6): 509-517. doi: 10.1080/00908310390195589

Nriagu J, Udofia E, Ekong I, Ebuk G. Health risks associated with oil pollution in the Niger Delta, Nigeria. International
Journal of Environmental Research and Public Health. 2016; 13(3): 346. doi: 10.3390/ijerph13030346

Osuji LC, Onojake CM. Trace heavy metals associated with crude oil: A case study of Ebocha-8 Oil-spill-polluted site in
Niger Delta, Nigeria. Chemistry & Biodiversity. 2004; 1(11): 1708-1715.

Dickson UJ, Udoessien EI. Physicochemical Studies of Nigeria’s Crude Oil Blends. Petroleum & Coal. 2012; 54(3).
Kuppusamy S, Maddela NR, Megharaj M, Venkateswarlu K. Ecological impacts of total petroleum hydrocarbons. In: Total
Petroleum Hydrocarbons. Springer International Publishing; 2020. pp. 95-138.

Yang C, Wang Z, Hollebone BP, et al. Chromatographic fingerprinting analysis of crude oils and petroleum products.
Handbook of Oil Spill Science and Technology. 2014; 93-163. doi: 10.1002/9781118989982.ch5

Chinedu E, Chukwuemeka CK. Oil Spillage and Heavy Metals Toxicity Risk in the Niger Delta, Nigeria. Journal of Health
and Pollution. 2018; 8(19). doi: 10.5696/2156-9614-8.19.180905

ASTDR-Agency for Toxic Substances and Disease Registry. Toxicological Profile for Total Petroleum Hydrocarbons (Tph).
U.S. Department of Health and Human Services. 1999.

Makanjuola BC. Assessment of Air, Water Quality and Health Impact on the Environment of Petrol Stations in Ado Local
Government Area of EKiti State, Nigeria [Master’s thesis]. Kwara State University; 2019.

Kuppusamy S, Maddela NR, Megharaj M, Venkateswarlu K. In: Total Petroleum Hydrocarbons: Environmental fate,
toxicity, and remediation. Springer International Publishing; 2020. pp. 167-205.

Bukowska B, Mokra K, Michatowicz J. Benzo[a]pyrene—Environmental Occurrence, Human Exposure, and Mechanisms of
Toxicity. International Journal of Molecular Sciences. 2022; 23(11): 6348. doi: 10.3390/ijms23116348

Nwankwoala HO, Okujagu DC. A review of wetlands and coastal resources of the Niger Delta: Potentials, Challenges and
Prospects. Environment & Ecosystem Science. 2014; 5(1): 37-46. doi: 10.26480/ees.01.2021.37.46

Adedokun OM, Kyalo M, Gnonlonfin B, et al. Mushroom: Molecular characterization of indigenous species in the Niger
Delta Region of Nigeria. European Journal of Horticultural Science. 2016; 81(5): 273-280. doi: 10.17660/ejhs.2016/81.5.6
Fubara SA, lledare OO, Gershon O, Ejemeyovwi J. Natural resource extraction and economic performance of the Niger
Delta region in Nigeria. International Journal of Energy Economics and Policy. 2019; 9(4): 188-193. doi:
10.32479/ijeep.7716

Ezekoye CC, Amakoromo ER, Ibiene AA. Laboratory—Based Bioremediation of Hydrocarbon Polluted Mangrove Swamp
Soil in the Niger Delta Using Poultry Wastes. Microbiology Research Journal International. 2017; 19(2): 1-14. doi:
10.9734/mrji/2017/15153

Mclntosh P, Schulthess CP, Kuzovkina YA, Guillard K. Bioremediation and phytoremediation of total petroleum
hydrocarbons (TPH) under various conditions. International Journal of Phytoremediation. 2017; 19(8): 755-764. doi:
10.1080/15226514.2017.1284753

Ogbonna DN, Iwegbue CMA, Sokari TG, Akoko IO. Effect of bioremediation on the growth of Okro (Abelmoshus
esculetus) in the Niger Delta soils. The Environmentalist. 2007; 27(2): 303—-309. doi: 10.1007/s10669-007-9006-y

23



Pollution Study 2025, 6(1), 3274.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45,

46.

47.

48.

49,

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Dickson UJ, Coffey M, George Mortimer RJ, et al. Investigating the potential of sunflower species, fermented palm wine
and Pleurotus ostreatus for treatment of petroleum-contaminated soil. Chemosphere. 2020; 240: 124881. doi:
10.1016/j.chemosphere.2019.124881

AA 1, OP A/ UJJ I, Mt B. A critical review of oil spills in the Niger Delta aquatic environment: Causes, impacts, and
bioremediation assessment. Environmental Monitoring and Assessment. 2022; 194(11). doi: 10.1007/s10661-022-10424-x
Dickson UJ, Giadom F, Mortimer RJG, et al. Inferences from TPHs removal Kinetics during Phyto- and Myco-remediation
of a Soil highly contaminated with Crude oil. 2025. unpublished work, currently under review for publication

BS EN ISO/DIS 18400: 101-107(2016). Soil Quality Sampling; Packaging, Transport, Storage and Preservation of Samples.
Whiting D, Card A, Wilson C, Reeder J. Estimating soil texture. Colorado State University Extension Publication. 2014.
Salley SW, Herrick JE, Holmes CV, et al. A comparison of soil texture-by-feel estimates: Implications for the citizen soil
scientist. Soil Science Society of America Journal. 2018; 82(6): 1526—1537. doi: 10.2136/sssaj2018.04.0137

Yang X, Zhang Q, Li X, et al. Determination of soil texture by laser diffraction method. Soil Science Society of America
Journal. 2015; 79(6): 1556-1566. doi: 10.2136/sssaj2015.04.0164

Yang Y, Wang L, Wendroth O, et al. Is the Laser Diffraction Method Reliable for Soil Particle Size Distribution Analysis?
Soil Science Society of America Journal. 2019; 83(2): 276-287. doi: 10.2136/ss52j2018.07.0252

BSI ISO/DIS, 18400-203, (2016). Soil Quality Sampling; Packaging, Transport, Storage and Preservation of Samples.
Adenipekun CO, Ipeaiyeda AR, Olayonwa AJ, Egbewale SO. Biodegradation of polycyclic aromatic hydrocarbons (PAHS)
in spent and fresh cutting fluids contaminated soils by Pleurotus pulmonarius (Fries). Quelet and Pleurotus ostreatus (Jacg.)
African Journal of Biotechnology. 2015; 14(8): 661-667. doi: 10.5897/ajb2014.14187

Santiago-Urbina JA, Ru E-Ter&n F. Microbiology and biochemistry of traditional palm wine produced around the world.
International Food Research Journal. 2014; 21(4): 13-27.

BS ISO 11464 [ (2006). ISO 11464:2006Soil quality —Pretreatment of samples for physico-chemical analysis. Available
online: https://www.iso.org/standard/37718.html (accessed on 15 January 2025).

USEPA 3546. Microwave Assisted Extraction. U.S. Environmental Protection Agency, Office of Research and
Development, Washington, DC. 2007.

Punt MM, Raghavan VGS, Belanger JMR, Pare JRJ. Microwave-assisted process (MAPTM) for the extraction of
contaminants from soil. Journal of Soil Contamination. 1999; 8(5): 577-592.

BS EN ISO 16703:2011. Soil quality. Determination of content of hydrocarbon in the range C1o to Cao by gas
chromatography. Available online: https://knowledge.bsigroup.com/products/soil-quality-determination-of-content-of-
hydrocarbon-in-the-range-c-sub-10-sub-to-c-sub-40-sub-by-gas-chromatography (accessed on 15 January 2025).

Germec M, Turhan I. Predicting the experimental data of the substrate specificity of Aspergillus niger inulinase using
mathematical models, estimating kinetic constants in the Michaelis—Menten equation, and sensitivity analysis. Biomass
Conversion and Biorefinery. 2021; 13(12): 10641-10652. doi: 10.1007/s13399-021-01830-1

Rytwo G, Zelkind AL. Evaluation of kinetic pseudo-order in the photocatalytic degradation of ofloxacin. Catalysts. 2021,
12(1): 24. doi: 10.3390/catal12010024

Kajjumba GW, Emik S, Ongen A, et al. Modelling of Adsorption Kinetic Processes—Errors, Theory And Application. In:
Advanced Sorption Process Applications. IntechOpen; 2018. pp. 1-19.

Vareda JP. On validity, physical meaning, mechanism insights and regression of adsorption kinetic models. Journal of
Molecular Liquids. 2023; 376: 121416. doi: 10.1016/j.molliq.2023.121416

Azizian S. Kinetic models of sorption: A theoretical analysis. Journal of Colloid and Interface Science. 2004; 276(1): 47-52.
doi: 10.1016/j.jcis.2004.03.048

Mercado-Borrayo BM, Schouwenaars R, Litter M, et al. Metallurgical Slag as an Efficient and Economical Adsorbent of
Arsenic. Water Reclamation and Sustainability. 2014; 95-114. doi: 10.1016/b978-0-12-411645-0.00005-5

Obradovic B. Guidelines for general adsorption kinetics modeling. Chemical Industry. 2020; 74(1): 65—70. doi:
10.2298/hemind2002010060

Revellame ED, Fortela DL, Sharp W, et al. Adsorption kinetic modeling using pseudo-first order and pseudo-second order
rate laws: A review. Cleaner Engineering and Technology. 2020; 1: 100032.

Heredia NS, Vizuete K, Flores-Calero M, et al. Comparative statistical analysis of the release kinetics models for
nanoprecipitated drug delivery systems based on poly (lactic-co-glycolic acid). PLoS One. 2022; 17(3): e0264825.

Frost J. Regression analysis: An intuitive guide for using and interpreting linear models. Statistics By Jim Publishing; 2019.

24


https://www.iso.org/standard/37718.html
https://knowledge.bsigroup.com/products/soil-quality-determination-of-content-of-hydrocarbon-in-the-range-c-sub-10-sub-to-c-sub-40-sub-by-gas-chromatography
https://knowledge.bsigroup.com/products/soil-quality-determination-of-content-of-hydrocarbon-in-the-range-c-sub-10-sub-to-c-sub-40-sub-by-gas-chromatography

Pollution Study 2025, 6(1), 3274.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

Huesemann MH. Guidelines for land-treating petroleum hydrocarbon-contaminated soils. Journal of Soil Contamination.
1994; 3(3): 299-318. doi: 10.1080/15320389409383471

Rong L, Zheng X, Oba BT, et al. Activating soil microbial community using bacillus and rhamnolipid to remediate TPH
contaminated soil. Chemosphere. 2021; 275: 130062. doi: 10.1016/j.chemosphere.2021.130062

Yang ZH, Lien PJ, Huang WS, et al. Development of the risk assessment and management strategies for TPH-contaminated
sites using TPH fraction methods. Journal of Hazardous, Toxic, and Radioactive Waste. 2017; 21(1): D4015003.

Kim N, Kwon K, Park J, et al. Ex situ soil washing of highly contaminated silt loam soil using core-crosslinked amphiphilic
polymer nanoparticles. Chemosphere. 2019; 224: 212-219. doi: 10.1016/j.chemosphere.2019.02.144

Brazauskiene DM, Paulauskas V, Sabiene N. Speciation of Zn, Cu, and Pb in the soil depending on soil texture and
fertilization with sewage sludge compost. Journal of Soils and Sediments. 2008; 8(3): 184—-192. doi: 10.1007/s11368-008-
0004-6

Khan MALI, Biswas B, Smith E, et al. Toxicity assessment of fresh and weathered petroleum hydrocarbons in contaminated
soil- a review. Chemosphere. 2018; 212: 755-767. doi: 10.1016/j.chemosphere.2018.08.094

Palinkas LA, Downs MA, Petterson JS, Russell J. Social, cultural, and psychological impacts of the Exxon Valdez oil spill.
Human Organization. 1993; 52(1): 1-13.

Babatunde AO. Oil pollution and water conflicts in the riverine communities in Nigeria’s Niger Delta region: Challenges for
and elements of problem-solving strategies. Journal of Contemporary African Studies. 2020; 38(2): 274-293. doi:
10.1080/02589001.2020.1730310

Schapel A, Marschner P, Churchman J. Influence of clay clod size and number for organic carbon distribution in sandy soil
with clay addition. Geoderma. 2019; 335: 123-132. doi: 10.1016/j.geoderma.2018.08.009

Osman KT. Physical properties of soil. Soils: Principles, Properties and Management. Springer Netherlands; 2013. pp. 49—
65.

Khamehchiyan M, Hossein Charkhabi A, Tajik M. Effects of crude oil contamination on geotechnical properties of clayey
and sandy soils. Engineering Geology. 2007; 89(3—4): 220-229. doi: 10.1016/j.engge0.2006.10.009

Ren X, Zeng G, Tang L, et al. Sorption, transport and biodegradation—An insight into bioavailability of persistent organic
pollutants in soil. Science of The Total Environment. 2018; 610-611: 1154-1163. doi: 10.1016/j.scitotenv.2017.08.089
Buffington JM, Montgomery DR. Effects of sediment supply on surface textures of gravel-bed rivers. Water Resources
Research. 1999; 35(11): 3523-3530. doi: 10.1029/1999wr900232

Ferrer-Boix C, Hassan MA. Influence of the sediment supply texture on morphological adjustments in gravel-bed rivers.
Water Resources Research. 2014; 50(11): 8868-8890. doi: 10.1002/2013wr015117

Guyot JL, Jouanneau JM, Soares L, et al. Clay mineral composition of river sediments in the Amazon Basin. CATENA.
2007; 71(2): 340-356. doi: 10.1016/j.catena.2007.02.002

He M, Zheng H, Huang X, et al. Yangtze River sediments from source to sink traced with clay mineralogy. Journal of Asian
Earth Sciences. 2013; 69: 60-69. doi: 10.1016/j.jseaes.2012.10.001

Al-Dhabaan FA. Mycoremediation of crude oil contaminated soil by specific fungi isolated from Dhahran in Saudi Arabia.
Saudi Journal of Biological Sciences. 2021; 28(1): 73—77. doi: 10.1016/j.sjbs.2020.08.033

Ling H, Hou J, Du M, et al. Surfactant-enhanced bioremediation of petroleum-contaminated soil and microbial community
response: A field study. Chemosphere. 2023; 322: 138225. doi: 10.1016/j.chemosphere.2023.138225

Olukanni OD, Albert AA, Farinto M, et al. Tween-80 enhanced biodegradation of naphthalene by Klebsiella
quasipneumoniae. Antonie van Leeuwenhoek. 2023; 116(7): 697—-709. doi: 10.1007/s10482-023-01839-8

Sumerta IN, Ruan X, Howell K. The forgotten wine: Understanding the ecology and composition of palm wine fermentation.
bioRxiv. 2024. doi: 10.1101/2024.04.26.591403

Gul H, Akbar S, Gohar S, Mazhar F. Biochemical Analysis and Therapeutic Potential of Extract from Mushroom (Pleurotus
ostreatus). International Journal of Applied And Clinical Research. 2024; 2(1): 84-100.

Nyangwire B, Ocimati W, Tazuba AF, et al. Pleurotus ostreatus is a potential biological control agent of root-knot nematodes
in eggplant (Solanum melongena). Frontiers in Agronomy. 2024; 6. doi: 10.3389/fagro.2024.1464111

Timmerman MD, Fuller LG, Burton DL. The effects of a crude oil spill on microbiological indices of soil biological quality.
Canadian Journal of Soil Science. 2003; 83(2): 173-181. doi: 10.4141/s01-039

Franco I, Contin M, Bragato G, De Nobili M. Microbiological resilience of soils contaminated with crude oil. Geoderma.
2004; 121(1-2): 17-30. doi: 10.1016/j.geoderma.2003.10.002

25



Pollution Study 2025, 6(1), 3274.

84.

85.

86.

87.

88.

89.
90.

91.

92.

93.

94.

Baek KH, Yoon BD, Kim BH, et al. Monitoring of microbial diversity and activity during bioremediation of crude oil-
contaminated soil with different treatments. Journal of Microbiology and Biotechnology. 2007; 17(1): 67—73.

Gao YC, Guo SH, Wang JN, et al. Effects of different remediation treatments on crude oil contaminated saline soil.
Chemosphere. 2014; 117: 486-493. doi: 10.1016/j.chemosphere.2014.08.070

Margesin R, Hanmerle M, Tscherko D. Microbial activity and community composition during bioremediation of diesel-oil-
contaminated soil: Effects of hydrocarbon concentration, fertilizers, and incubation time. Microbial Ecology. 2007; 53(2):
259-269. doi: 10.1007/s00248-006-9136-7

Adenipekun CO, Lawal R. Uses of mushrooms in bioremediation: A review. Biotechnology and Molecular Biology
Reviews. 2012; 7(3). doi: 10.5897/bmbr12.006

Melero S, Porras JCR, Herencia JF, Madejon E. Chemical and biochemical properties in a silty loam soil under conventional
and organic management. Soil and Tillage Research. 2006; 90(1-2): 162-170. doi: 10.1016/j.still.2005.08.016

Mitchell JK, Soga K. In: Fundamentals of soil behavior, 3rd ed. John Wiley & Sons; 2005.

Aggelides SM, Londra PA. Effects of compost produced from town wastes and sewage sludge on the physical properties of a
loamy and a clay soil. Bioresource technology. 2000; 71(3): 253-259.

Yu H, Ding W, Luo J, et al. Long-term application of organic manure and mineral fertilizers on aggregation and aggregate-
associated carbon in a sandy loam soil. Soil and Tillage Research. 2012; 124: 170-177. doi: 10.1016/j.still.2012.06.011
Hamza MA, Anderson WK. Responses of soil properties and grain yields to deep ripping and gypsum application in a
compacted loamy sand soil contrasted with a sandy clay loam soil in Western Australia. Australian Journal of Agricultural
Research. 2003; 54(3): 273-282. doi: 10.1071/ar02102

Bojes HK, Pope PG. Characterization of EPA’s 16 priority pollutant polycyclic aromatic hydrocarbons (PAHs) in tank
bottom solids and associated contaminated soils at oil exploration and production sites in Texas. Regulatory Toxicology and
Pharmacology. 2007; 47(3): 288-295. doi: 10.1016/j.yrtph.2006.11.007

HO YS. Review of second-order models for adsorption systems. Journal of Hazardous Materials. 2006; 136(3): 681-689.
doi: 10.1016/j.jhazmat.2005.12.043

26



