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Abstract: The purpose of this study was to evaluate the application of biostimulation and bioventing for the treatment 
of crude oil-contaminated soils. The research needed to check how various industrial biostimulants will perform in the 
treatment of contaminated soils and whether or not there is a synergetic effect that has to do with the stimulant com-
position. Soil samples used for this study were collected from South Africa. The soil samples were air-dried for 24 h 
and subsequently passed through a standard sieve of 2 mm screen. The soil consists of 79.32% sand (2.00–0.02 mm), 
14.71% silt (0.02–0.002 mm) and 5.97% clay (< 0.002 mm). A microcosm system containing 1 kg of soil contaminated 
with crude oil (5% w/w) for biostimulation (BSTc) treatment was amended with varying ratios of municipal wastewater 
(MWW) and brewery wastewater (BWW) to investigate the possible synergy. The bioventing (BVTc) treatment involves 
the supply of atmospheric air to the bioreactors through the vadose zone for 30mins flow duration every 48 h inter-
vals at ambient condition for 28 days. The BSTc and BVTc treatments recorded 48–58% and 54–75% total petroleum 
hydrocarbon (TPH) removal efficiencies, respectively, as the BWW amendment noted appreciable removal compared 
to MWW, while the control treatment recorded 35%. The result showed that the attempt to boost the TPH removal 
efficiency using the bioventing with the wastewater amendment was effective, as the presence of enough oxygen in the 
system resuscitated the activities of the microbial community for enhanced TPH biodegradation. This study inferred 
that combined bioventing and biostimulation techniques proved to  be an  effective bioremediation strategy for the 
treatment of crude oil contaminated soils and could serve as a vital tool towards the mitigation of pollution aftermath 
faced by communities involved in oil production and/or processing activities.
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Environmental pollution has been identified 
as a major challenge to the survival of both terrestrial 
and aquatic habitats, which has contributed to the 
degradation and contamination of soil and water 
bodies. This can be attributed to industrialization, 
which includes mining and exploration of mineral 
resources. Crude oil spillage and acid mine drainage 
are the major water and soil contaminants attributed 
to industrial and/or human activities; these pollution 

sources reduce the availability of potable water and 
arable lands for agricultural purposes. Remediation 
of crude oil-contaminated soils using physical, chemi-
cal and thermal methods has been widely criticized 
due to its expensive, non-eco-friendly nature and 
inability to meet remediation purposes. Recently, 
bioremediation has been considered as an alterna-
tive soil treatment strategy (Shahsavari et al. 2017) 
over physiochemical methods due to the former’s 
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ability to provide a clean, green, effective, afford-
able and environmentally friendly approach for the 
treatment of contaminated soils while the latter has 
been criticized for its hazardous, expensive nature 
and possible recontamination of site. Biostimulation 
is a bioremediation technique that employs the use 
of organic and/or inorganic nutrient amendments 
for the stimulation of the indigenous microbial com-
munity to enhance the biodegradation of degradable 
contaminants. The success of biostimulation ap-
plication on contaminated soils depends on several 
factors such as temperature, aeration, pH (Varjani 
& Upasani 2017), nutrients availability and bioavail-
ability of contaminants to degrading microbes (Ben-
yahia & Embaby 2016; Varjani & Upasani 2017). The 
application of the organic nutrient has been viable 
in the treatment of crude oil-contaminated soils. 
Nutrients present in organic substrate vary according 
to source, and this contributes to its efficacy for the 
bioremediation of contaminated soils. 

The application of organic substrates such as waste-
water (Aburto-Medina et al. 2012; Agarry & Latinwo 
2015), agricultural waste (Chijioke-Osuji et al. 2014; 
Wang et al. 2016), sewage sludge (Ling & Isa 2006; 
Chorom et al. 2010), animal waste (Agarry et al. 2010; 
Chijioke-Osuji et al. 2014; Adekunle et al. 2017,), 
municipal refuse (Adekunle 2011; Liu et al. 2018) 
have been studied for petroleum contaminated soils 
and results showed that these amendments can im-
prove the bioavailability of crude oil contaminant 
in the soil, revive the activities of microbial popula-
tion, and enhance hydrogenase for effective degrada-
tion of hydrocarbons. Meanwhile, excessive nutrient 
concentration in the treatment system can hinder 
biodegradation efficiency, as Oudot et al. (1998) and 
Chaillan et al. (2006) reported the negative effect 
of high nutrient concentration (NPK) on hydrocarbon 
removal efficiency. The stimulation of the natural 
degradative ability of the native microbial commu-
nity may be challenging, especially when selecting 
the appropriate organic or inorganic amendments 
or biostimulants required for a large-scale application. 
However, when exploring feasible approaches to carry 
out the remediation exercise effectively, it is crucial 
to understand that the contaminated environment 
is made up of a diverse microbial population with 
different degradation potentials (Alexander 1999), 
and these indigenous microorganisms are typically 
present in relatively limited numbers. To circumvent 
these drawbacks, changes in physicochemical param-
eters (pH, temperature, electron donors or acceptors, 

etc.), as well as a “niche adjustment” by inoculating 
competent microbes into these systems, are possible 
strategies that may be adopted for effective bioremedia-
tion. Hence, hydrocarbon remediation can be activated 
or improved by introducing nutrients and oxygen into 
the polluted soil (Agarry & Latinwo 2015) or through 
the inoculation of genetically modified organisms into 
the soil (Barathi & Vasudevan 2003). 

In bioventing, the contaminated environment is stimu-
lated by a suitable air supply or aeration to provide 
sufficient oxygen for microbial activities (Møller et al. 
1996; Thomé et al. 2014; Hinchee 2017) for an effec-
tive bioremediation process. The bioventing treatment 
of polluted soil requires the controlled delivery of air 
or oxygen directly or indirectly into the subsurface 
unsaturated zone of the polluted site to resuscitate 
aerobic processes. Bioventing of polluted soil has been 
studied; the early work focuses on the use of water (as 
a source of oxygen) to provide oxygen for sub-surface 
area ventilation, which is less efficient as compared 
to gas (O2) penetration rate. This also contributes to the 
disadvantage of using hydrogen peroxide for the bio-
venting process since the low power of penetration 
restricts the availability of oxygen for microbial activities 
in the vadose region (Hinchee et al. 1991). Similarly, 
investigations by Huling et al. (1990) to determine the 
efficacy of H2O2 for bioventing revealed that the high 
concentration of H2O2 up to 100 mg/L of soil solution 
may have an inhibitory effect on the biodegradation rate 
of the contaminated sample and that the toxicity and 
stability of H2O2 depend on the type of contaminants, 
sites and other environmental conditions, hence, air 
supply becomes more effective and economical (Hinchee 
& Arthur 1991; Lee & Swindoll 1993).

The application of organic or inorganic nutrients and 
air injection to enhance the direct oxidation of contami-
nants while providing sufficient nutrients for the degrad-
ing microbes and increasing aerobic biodegradation has 
received much interest recently (Agarry & Ogunleye 
2012; Zhang et al. 2021). The modification of a polluted 
environment with organic or inorganic nutrients and 
air-injection contributes to the reinforcement of soil-
based microorganisms (Lee & Swindoll 1993; Agarry & 
Latinwo 2015) which results in a substantial decrease 
in total petroleum hydrocarbon (TPH) concentration. 
These nutrients appear to release alkalinity into the 
environment, which increases the pH and promotes 
crude oil remediation (Adekunle 2011; Al-Kindi & Abed 
2016; Liu et al. 2018). However, in developing countries, 
these inorganic chemical fertilizers are expensive and 
insufficient for agricultural purposes, not to mention 
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their application for oil spill clean-up. As a result, it is 
necessary to look for less expensive and eco-friendly 
ways to improve petroleum hydrocarbon breakdown. 
One of these possibilities is the utilization of organic 
waste effluents as bulking agents and microbial bio-
mass sources. 

Nonetheless, research on devising cost-effective 
and environmentally friendly methods of removing 
petroleum hydrocarbons from polluted soil needs 
further exploration. To the best of our knowledge, 
there is a paucity of literature on the combined ef-
fect of different wastewater effluent applications 
together with oxygen supply for stimulating indig-
enous microorganisms in petroleum hydrocarbon-
contaminated soils. Therefore, the objective of this 
study is to investigate the potentials of the brewery 
and municipal wastewaters and the mixture of these 
two alone or in combination with bioventing for the 
treatment of crude oil-contaminated soils.

MATERIAL AND METHODS

Material
Soil samples used for this study were collected from 

Durban, South Africa, at a depth of 2–3 cm (humic 
horizon, non-agricultural soil). The soil samples were 
air-dried for 24 h and subsequently passed through 
a standard sieve of 2 mm screen. The soil consists 
of 79.32% sand (2.00–0.02 mm); 14.71% silt (0.02 to 
0.002 mm), and 5.97% clay (< 0.002 mm). Soil samples 
for the bioremediation treatment were preserved 
in a polyethylene bag for future use. The results of the 
characterization show that the soil has a light texture, 
mainly due to the high sand content. According to the 
United State Department of Agriculture soil taxonomy, 
these soil samples, characterized by their high sand 
content (sandy soils), most likely belong to the Entisol 
and Spodosol soil orders (Deckers et al. 2003). Crude 
oil was collected from a local oil refinery, while brew-
ery wastewater (BWW) and municipal wastewater 
(MWW) were obtained from South African Brewery 
(SAB) and South African wastewater treatment facility, 
respectively. Wastewaters were stored in high density 
polyethylene containers kept in the refrigerator and 
mixed thoroughly before use so that there is consist-
ent composition across the volume. 
Methodological approach

Preparation of crude oil contaminated soil. 
One kg of soil sample was spiked with 50 g of crude 
oil (5% w/w) and agitated in a mechanical shaker 

to achieve a homogenous mixture of the two com-
ponents. A concentration of 5 % (w/w) was adopt-
ed to obtain severe contamination of soil samples, 
as a concentration above 3% has been reported to be 
increasingly detrimental to the soil structure (Osuji 
et al. 2005). The contaminated soil was kept for 2 days 
to allow for ageing and to mimic a real contaminated 
soil scenario, after which different bioremediation 
treatments were applied. 

Biostimulation and bioventing studies for crude 
oil-contaminated soil. Biostimulation (BSTc) and 
bioventing (BVTc) studies for crude oil-contaminated 
soil treatment consist of six and four bioreactors, re-
spectively, containing 1 kg of contaminated soil each. 
Five BSTc and three BVTc bioreactors were amended 
with wastewaters at varying ratios, while one BVTc 
bioreactor received only atmospheric air (without 
wastewater amendment) (Table 1). The remaining 
bioreactor designated for bioattenuation (BATc), 
which was neither supplemented with wastewater nor 
ventilated, served as the control treatment. All BVTc 
treatments were ventilated, and atmospheric air was 
supplied to the bioreactors through the vadose un-
saturated zone using the air compressor pump to allow 
for adequate air circulation around the bioreactors. 
Air was supplied at 3 L/min for 30 min every 48 h 
since bioventing will be more economical if the low-
est flow rate and highest flow interval are considered 
(Thomé et al. 2014). Bioventing treatments for crude 
oil-contaminated soils were performed at ambient tem-

Table 1. Composition of  biostimulation, bioventing and 
bioattenuation treatment systems for crude oil contami-
nated soils (soil bulk density = 1 650 kg/m3)

Bioreactors
BWW MWW Atmospheric 

air (O2)
Loading ratio 

(BWW : MWW)(mg/kg soil)
BSTc-1 100 0 – 4 : 0
BSTc-2 75 25 – 3 : 1
BSTc-3 50 50 – 1 : 1
BSTc-4 25 75 – 1 : 3
BSTc-5 0 100 – 0 : 4
BVTc-1 0 0 √ 0 : 0
BVTc-2 100 0 √ 4 : 0
BVTc-3 0 100 √ 0 : 4
BVTc-4 50 50 √ 1 : 1
BATc 0 0 – 0 : 0

BSTc – biostimulation; BVTc – bioventing; BATc – bioat-
tenuation; BWW – brewery wastewater; MWW – municipal 
wastewater
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perature for 28 days study period. Each 1 L bioreactor 
was used in static mode during the bioremediation 
process. Samples (~ 2 g) were collected every week 
from all bioreactors for the determination of total 
petroleum hydrocarbon residue.
Analytical procedure and instruments

Mechanical extraction and determination of to-
tal petroleum hydrocarbon. The soil samples were 
dried in an oven at a low temperature (35 °C), pul-
verized using mortar and pestle and sieved using 
a standard sieve size of 63 μm to ensure grain size 
homogeneity. The mechanical extraction of crude 
oil from the sample was performed using 5 g of ho-
mogenized soil mixed with dichloromethane (DCM) 
and acetone in a ratio of 2 : 1 (4 : 2 mL) in a 250 mL 
glass jar. The glass jar was covered with aluminium 
foil to prevent solvent loss and shaken vigorously 
at 200 rpm on a mechanical shaker for 90 min to al-
low for effective residue TPH extraction. To recover 
the residue (filtrate), the solution was filtered using 
Whatman filter paper and subsequently with a sy-
ringe filter and the filtrate (extract) was transferred 
to a volumetric flask of 50 mL and made up to a known 
volume. Due to their strength, reliability and abil-
ity not to conflict with hydrocarbon fractions such 
as benzene, toluene, and xylene (BTX), and C5-C9 
(Okop & Ekpo 2012), DCM and acetone are the most 
suitable solvent for oil extraction from soil samples. 
Gas chromatography-mass spectrometry (GC-MS 
QP 2010, Shimadzu, Japan) equipped with a Rxi-
5ms column was used to determine total petroleum 
hydrocarbon. The chemical oxygen demand (COD) 
was determined through a standard method using 
a COD reactor (Hach, USA) and spectrophotometry 
(DR 3900, Hach, USA) (Talinli & Anderson 1992). 
Total nitrogen was determined by the semi-micro 
Kjeldahl method (Bremner & Mulvaney 1982), and 
the available phosphorus was determined by Brays 
No. 1 method (Olsen & Sommers 1982) while the 
total degrading bacteria were determined by the 
vapour phase transfer method according to Aman-
chukwu et al. (1989).

Table 2 shows that brewery waste effluents contain 
more nitrogen, microbial count and COD content than 
MWW, which implies nutrient deficiency in MWW 
when compared to BWW. According to these find-
ings, brewery waste effluents can provide more nu-
trients to boost microbial density and activity and 
serve as an effective stimulant for the biodegradation 
of hydrocarbon-contaminated soil. Furthermore, the 
organic component of brewery wastewater (reported 
as COD) is usually readily biodegradable, as it pri-
marily consists of sugar, soluble starch, ethanol, and 
volatile fatty acids (Bassey & Inyang 2012).

RESULTS AND DISCUSSION

Biostimulation of crude oil contaminated soils. 
Biostimulation results showed that the amendment 
of contaminated soil with wastewaters (BWW and 
MWW) facilitated the biodegradation of crude oil, 
as shown in Figure 1. It is evident from the result 
that TPH removal was relatively fast within the first 
2 weeks in all treatments except BSTc-5, which re-
corded 56.62% overall removal efficiency in week 4 
at 1 011.07 mg/day average removal rate. The TPH 
removal efficiency for BSTc-1 increased (after week 1) 
by 7.11% and 10.17% in week 2 and week 3, respec-
tively, to attain 58.39% in week 4 at a 1 042 mg/day 
average removal rate. However, BSTc-2, 3, and 4 
showed a similar trend in relation to other treat-
ments but recorded removal efficiency of less than 
50% in  week 4. The average removal efficiency 
of > 15% was observed for these treatments (BSTc-2, 
3, and 4) in week 1, but as BSTc-2 and BSTc-3 increased 
by > 8% (9.58% and 10.16%, respectively), BSTc-4 
only recorded a 2.03% increase in removal efficiency 
in week 2. Also, the TPH removal efficiencies of treat-
ment BSTc-2, 3 and 4 plateaued at 48.67%, 49.67%, and 
48.81% with an average removal rate of 869.11, 886.96 
and 871.61 mg/day, respectively, attributed to > 5% 
increase in removal efficiencies of treatments BSTc-2 
and BSTc-4 in week 4, while BSTc-3 recorded 2.87% 
increase which is a decline from 10.16% increased ef-

Table 2. Physicochemical and microbiological characterization of soil, brewery and municipal wastewaters 

Wastewater/
Composition pH COD 

(mg/L) Total nitrogen Available phosphorus Microbial count

BWW 8.2 750 52.68 ± 0.07 mg/L 9.63 ± 0.04 mg/L 1.7 × 106 CFU/mL
MWW 7.9 704 45.53 ± 8.7 mg/L 15.5 ± 0.5 mg/L 1.1 × 106 CFU/mL
Soil 7.2 – 2.80 ± 0.1 g/kg soil 0.37 ± 0.01 g/kg soil 3.0 × 106 CFU/g

BWW – brewery wastewater; MWW – municipal wastewater; COD – chemical oxygen demand
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ficiency in the previous week. The control treatment, 
BATc, recorded the lowest TPH removal efficiency 
of 34% at 616.07 mg/day average TPH removal rate. 
The reduction of TPH concentration can be attributed 
to the wastewater amendment. 

Bioventing of crude oil contaminated soils. Crude 
oil removal from the contaminated soil was evident 
in all the bioreactors, both the vented and vented + 
nutrient amendment treatments. Figure 2 showed 
that the introduction of atmospheric air into the 
treatment reactors improved the bioremediation 
process in the first week of treatment, which re-
corded (in week 1) > 15% removal efficiencies in all 
treatments that received nutrient amendment + air 
(BSTc-2, BVTc-3, and BVTc-4). The treatment that 
was only ventilated (BVTc-1) recorded 11.25%, while 
the control treatment (that was neither amended 
with nutrients nor ventilated (BATc)) recorded < 10% 
removal efficiency in the first week. BVTc-1 (air) and 

BVTc-4 (wastewaters + air) maintained > 9% aver-
age increase in TPH weekly removal efficiency from 
week 1 till the end of the treatment with 54.93% and 
61.47% at 980.89 and 1 097.68 mg/day average TPH 
removal rate, respectively. However, BVTc-3 (MWW 
+ air) TPH removal efficiency increased by 3.44% 
in week 2, with an average increase of > 19% from 
week 2 to week 4 at a 1 071.79 mg/day average removal 
rate. BSTc-2, which was amended with BWW and 
ventilated, recorded the highest removal efficiency 
of 74.75% at an average removal rate of 1 334.82 mg 
per day. In comparison to other treatments, the 
control treatment BATc recorded the least removal 
efficiency (34.5%). The removal efficiencies of the 
BVTc treatment follow the trend BVTc-2 > BVTc-4 > 
BVTc-3 > BVTc-1 > BATc. The weekly TPH reduction 
efficiencies in all treatments amended with nutrients 
and/or ventilated were observed to show an appre-
ciable progressive increase from week 1 to week 4.

Figure 2. Time course for the biodegradation of total 
petroleum hydrocarbon (TPH) under bioattenuation, 
bioventing alone and combined wastewaters (brew-
ery wastewater and municipal wastewater) effluents 
amendment with bioventing
BVTc – bioventing; BATc – bioattenuation; error bars 
show the standard deviation of duplicate samples

Figure 1. Time course for the biodegradation of total 
petroleum hydrocarbon (TPH) under bioattenua-
tion, municipal wastewater, brewery wastewater and 
combined wastewater effluents amendment
BSTc – biostimulation; BATc – bioattenuation; error 
bars show the standard deviation of duplicate samples 
from treatment systems
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The first week of BSTc treatment observed the 
modification of environmental conditions for mi-
crobial activities by the organic substrate (BWW 
and MWW), accompanied by the acclimatization 
of oil-degrading microbes in the treatment system 
similar to the findings of Mbah and Obahiagbon 
(2018), which resulted in appreciable TPH weekly 
removal efficiency with respect to time, within the 
first 14 days and beyond (Mbah & Obahiagbon 2018). 
The increase in the TPH weekly reduction efficiency 
recorded from week 1 to week 4 with the BSTc treat-
ments suggests a possible correlation with an increase 
in microbial load as the introduction of nutrients 
provides a favourable condition that invigorates the 
native microorganisms in the soil for effective degra-
dation which has been validated in different studies 
(Chijioke-Osuji et al. 2014; Agarry & Latinwo 2015) 
as the microbial growth and metabolism is a factor 
of hydrocarbon reduction (Chen et al. 2019), hence, 
microbial population growth is proportional to the 
rate of TPH removal (Agarry & Latinwo 2015; Mbah 
& Obahiagbon 2018). Organic substrates like MWW 
and BWW simultaneously served as a bulking agent, 
pH buffering agent, organic substitute, fertilizer, 
and soil conditioner during the treatment of TPH 
contaminated soil to enhance biomass growth and 
metabolism, which was also found to be a proactive 
natural surfactant that improves the solubilization 
of petroleum pollutants to increase the bioavailability 
of hydrocarbons to degrading microbes and degrada-
tion of hydrocarbon fractions (Adams et al. 2017). 
Amenorfenyo et al. (2019) reported that wastewater 
contains organic nutrients (N and P), which also act 
as a carrier for immobilizing oil-degrading strains 
(Adekunle 2011) as microbes grow well in wastewater 
by consuming organic nutrients and turning them 
into usable biomass for hydrogenase (Adekunle 2011). 
Also, wastewater was reported to contain a range 
of microbes that were highly resistant to toxic con-
taminants and had exceptional organic contaminant 
degradation capability (Agarry & Latinwo 2015). The 
biodegradation efficiency depends on microbial vi-
ability in the environmental natural system, which 
is a limiting factor in bioremediation (Joo et al. 2008). 

The treatments amended with BWW only (BSTc-1) 
showed slightly more appreciable removal efficien-
cy (58.39%) than MWW (BSTc-5), which recorded 
56.62%, while the use of mixed substrates (BWW + 
MWW) at varying ratios showed possible synergy 
between the wastewaters with an average removal 
efficiency of 49.05%, which is slightly below that 

of single substrate (57.50% average). The improved 
performance of pure wastewater sources (brewery 
or municipal wastewater) compared to their mixtures 
can be attributed to several factors. For example, 
treatment with BWW-only enriched effluent had the 
highest removal efficiency due to the high nutrient 
(nitrogen) content responsible for a significant mi-
crobial load in BWW, which is essential for increased 
biodegradation efficiency for optimal bioremedia-
tion. Consequently, pure wastewater sources provide 
a more specific and concentrated nutrient compo-
sition that more effectively supports oil-degrading 
microorganisms. Mixing of different wastewater 
sources may result in competition among microor-
ganisms for resources and may contain inhibitory 
substances that impede bioremediation. Different 
environmental conditions and disruption of poten-
tial microbial synergies can also affect treatment 
efficiency. Therefore, the use of wastewater sources 
tailored to the needs of oil-degrading microorgan-
isms is critical for optimizing bioremediation results 
(Amenorfenyo et al. 2019). 

However, for the BVTc treatments, the introduction 
of air into the system improved toxic conditions that 
increased biodegradation by providing an aerobic 
environment sufficient to stimulate and regenerate 
the autochthonous microorganism‘s activities (Couto 
& García-Frutos 2016) while the presence of waste-
waters in the bioventing system acts as biostimulants, 
and thus provides enough nutrient levels to boost 
the growth of  the microbial community leading 
to high energy demand by oil-degrading microbes, 
which enhanced hydrogenase and increased TPH 
biodegradation (Agarry & Latinwo 2015). Biovent-
ing stimulates the indigenous microbial community 
by adequate air (oxygen) supply to enhance the aerobic 
degradation of biodegradable contaminants (Byun 
et al. 2005) through the oxidation process (Troquet 
et al. 2003). Muskus Morales et al. (2013) reported 
a higher biodegradation efficiency with bioventing 
more than bioaugmentation in a crude oil treatment, 
while Agarry and Latinwo (2015) reported greater 
%TPH removal with combined bioventing and or-
ganic nutrient than bioventing used alone during the 
treatment period. The study by Thomé et al. (2014) 
buttresses the assertion that nutrient supplementa-
tion to a bioventing system renders greater TPH re-
moval than a single utilization of each approach. This 
is evident in the present study, where air-injection 
+ wastewater was able to increase the TPH removal 
efficiencies by 16.36%, 3.4 % and 12.42%, which 
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represents 74.75%, 60.02% and 61.47% removal ef-
ficiencies (for BVTc-2, BVTc-3, BVTc-4, respectively) 
when compared to BSTc treatments (BSTc-1, BSTc-5 
and avg. Mixed substrates – treatments without air-
injection) while bioventing without nutrient recorded 
54.93% removal efficiency. Also, the overall average 
removal efficiency recorded for BVTc treatment was 
10.36% greater than BSTc treatment (52.43%), which 
correlates with the study by Møller et al. (1996), 
which demonstrated that the addition of nutrients 
to bioventing rendered an appreciable increase in the 
rate of degradation of TPH. Unlike biosimulation 
treatment, bioventing involves the supply of oxygen 
to facilitate microbial metabolism for oil degradation. 
In this case, the competition and inhibition effects 
observed with effluent mixtures may not be as sig-
nificant because the focus is on oxygen availability 
rather than nutrient composition. Bioventing relies 
on aeration to increase the activity of indigenous oil-
degrading microorganisms in the soil. While oxygen 
is essential to their metabolic processes, the ability 
of the microbial community to utilize nutrients from 
the injected air may be less affected by competition 
and inhibitory substances than with effluent-based 
bioremediation. In addition, studies have shown that 
supplementing wastewater (in bioventing treatment) 
leads to an increase in soil microbial counts (Agarry 
& Latinwo 2015; Chen et al. 2019). 

The findings of this study and the ability to achieve 
an enhanced bioventing biodegradation with nutri-
ent addition were in contrast with the investigation 
by Dupont et al. (1991) which reported that the 
addition of nutrients to the BVTc system was in-
significant for the increased rate of biodegradation 
of TPH contaminated soil. However, further study 
by Bulman et al. (1993) demonstrated that the addition 
of nutrients to bioventing rendered an appreciable 
increase in the rate of degradation, which showed 
that the ability of nutrient amendment to boost TPH 
removal efficiency is dependent on soil type and na-
ture of nutrient required for a successful bioventing 
process since some additives (nutrients) may trigger 
an increase in toxicity or hinder bioremediation 
process (Frutos et al. 2010).

However, soil type was reported as a crucial factor 
that influences the rate of degradation as Haghollahi 
et al. (2016) recorded the highest TPH reduction 
rate with sandy soil (70%) and a very low rate with 
clay soil (23.5%) during the study period. The deg-
radation efficiency was increased to 57% by mixing 
clay with sandy soil. This low removal rate observed 

with clay soil is attributed to the low availability 
of oxygen in the soil environment since the increase 
in the volume of available oxygen increases the rate 
of degradation. Sandy soil has low total porosity 
with large individual pores, which facilitates faster 
oxygen absorption into and through the soil and the 
transport of carbon dioxide out of the soil, which 
is attributed to the appreciable biodegradation re-
corded in the present study. Soils like clay with small 
pores have slower absorption of oxygen into the 
soil and diffusion of carbon dioxide from the soil 
(Haghollahi et al. 2016). However, soil modifica-
tion with organic wastes like BWW and MWW has 
shown an improvement in soil porosity and water 
holding capacity (Liu et al. 2018), reduction in soil 
ecotoxicity, and increase in soil pH and organic 
nutrients, which are indispensable for an improved 
rate of biodegradation (Liu et al. 2018). 

ln this study, TPH loss due to abiotic factors (sun-
light, temperature, light, wind and water) were not 
taken into cognizance because they often played 
a marginal role in extracting petroleum hydrocarbons 
(Wild & Jones 1993). Similarly, Agnello et al. (2016) 
reported that abiotic factors facilitated the desorption 
of pollutants to enhance the bioavailability of petro-
leum and, hence, minimally contribute to direct TPH 
removal (Sun et al. 2013). Also, volatilization was 
not considered in the process because the contami-
nant has less volatile components and considering 
low operating temperature and low flow intensities, 
these components have a negligible effect, according 
to the findings of Fingas (2004) and Ma et al. (2014). 
To further reaffirm the above-stated, Jia et al. (2016) 
noted that the removal of crude oil in soils in the 
sets of treatments was caused by volatilization and 
biodegradation. Still, biodegradation was the most 
effective removal process, accounting for more than 
58% of the total removal and reached the highest re-
moval efficiency with nutrient adjustment, as reported 
by Jia et al. (2016). The non-responsive nature of some 
hydrocarbons to biological degradation accounts for 
the low removal efficiency of this recalcitrant group 
of hydrocarbons, which occurs at difficult intervals 
in the same treatment environment, hence reducing 
the TPH removal efficiency. According to Adams et al. 
(2017), the biological method mechanism is targeted 
at degrading mainly aliphatic compounds, cyclic hy-
drocarbons, aromatics, and other heavy hydrocarbons 
which are resistant to bioattenuation. The difference 
in initial TPH concentration with bioattenuation in-
dicates the microbial population degradation of the 
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hydrocarbons (Agarry & Latinwo 2015; Adams et al. 
2017) which was supported by the GCMS study, which 
showed a substantial reduction in TPH concentra-
tion due to microbial degradation and the formation 
of oxidized hydrocarbons, such as alcohols, acids, 
carboxylic acids and esters, and the formation of low 
concentration amine compounds due to the presence 
of organic nutrients in the soil (Adams et al. 2017). 
However, the decrease in removal efficiencies sug-
gests the depletion of nutrients needed by microbes 
(Boopathy 2000). 

In agreement with the present BSTc study, which 
recorded TPH average removal efficiency of 52.43% 
with 50 g/kg TPH initial concentration of contami-
nated soil after 28 days, Mohajeri et al. (2017) re-
corded a 43% TPH average removal efficiency using 
an organic substrate with 60 g/kg TPH contaminated 
soil while 3 and 30 g/kg contaminated soil recorded 
53.22% and 58.36% average removal efficiencies after 
90 days study period. The result indicated that a high 
concentration of crude oil affects the bioremediation 
efficiency, presumably due to the toxicity of excess 
crude oil (> 30 g/kg) to the microbial community, 
which inhibits or lowers metabolism, as reported 
by Mohajeri et al. (2017). To buttress the above-
stated, Ofoegbu et al. (2014) reported that the rate 
of biodegradation of crude oil contaminated soil 
is dependent on the volume of contaminants or the 
degree of contamination. Thus, the higher the con-
taminant concentration, the slower the rate of bio-
degradation and vice versa, hence, the significant 
variation in removal efficiencies of organic amend-
ments. In addition, the present bioventing study 
which recorded 54.93% (BVTc) and 65.41% (BVTc 
and wastewater amendment) average TPH removal 
efficiency after 28 days correlated with the study 
by Lee and Swindoll (1993), where bioventing with 
organic matter amendment boosted > 60% removal 
efficiency after 70 days study period. Also, the study 
by Balba et al. (1998) and Agarry and Latinwo (2015) 
reported 64.2% and 61.7% biodegradation efficiencies 
with bioventing after 12 months and 28 days treat-
ment period, respectively, while appreciable removal 
efficiency of > 75% was recorded with bioventing 
and organic amendment as reported by Agarry and 
Latinwo (2015). However, the control treatment 
was unable to appreciably reduce the concentra-
tion below the toxic level due to a lack of nutrients, 
which bolsters the positive effect of wastewater and 
air injection as a potential bioremediation strategy 
for the treatment of crude oil-contaminated soils. 

CONCLUSION

The findings demonstrated that the introduction 
of wastewater can stimulate the microbial environ-
ment, increase the mineralization rate and pro-
mote the activities of microorganisms for effective 
biodegradation, as evidenced by the appreciable 
removal efficiencies recorded, which showed that 
bioremediation of petroleum-contaminated soil could 
be promoted by optimizing soil physicochemical 
properties using organic substrate only. The bio-
venting process provided sufficient oxygen in the 
treatment system, which induced and adjusted the 
aerobic environment to enhance microbial activities 
for effective TPH removal. Still, the combined ap-
plication of bioventing with wastewater improved the 
removal efficiency to achieve an average TPH removal 
efficiency of 62.79% as against 52.43% recorded for 
BSTc treatment as BVTc recorded appreciable ef-
ficiency with BWW than MWW amendment. This 
study demonstrated the feasibility of a combined 
wastewater and bioventing strategy in the remediation 
of crude oil-contaminated soil having significantly 
reduced the TPH concentration in the soil. Given 
the proven success and remarkable efficiency of this 
process, it can be readily extended to treat larger 
quantities of contaminated soil directly at affected 
sites, offering significant benefits to oil companies 
in oil-producing regions seeking efficient soil re-
mediation solutions. Based on the scope of work, 
we have established the efficiency of wastewater 
in crude oil-contaminated soils. While we focused 
on the TPH, it is worth noting that the application 
of the soils in various activities could further serve 
as a guide towards understanding other changes, if 
any, that may have also affected the soil. Changes 
may be influenced by any other activities owing to the 
nature of the samples containing microorganisms.
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