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This form of contamination has become a serious issue of
global concern due to its prevalence and the prolific threat
posed on the sustainability of the ecosystem. Due to the
constant demand for petroleum products, the exploration of
crude oil to meet human demand becomes imperative, hence
the possibility of soil contamination, and devising an
eco-friendly remediation technique becomes a necessary evil.
Previous methods of remediation of crude oil contaminated
soils have some room for improvement to render effective
treatment. However, these approaches have been criticized due
to its expensive and non-eco-friendly nature which made site
reclamation a difficult task [1], [2]. The use of biological
methods which include bioattenuation, biostimulation,
bioaugmentation, bioventing, and phytoremediation have
offered the promising potential for the remediation of crude oil
contaminated soils. Bioremediation provides the application of
organic or inorganic nutrients (biostimulation), or injection of
air or oxygen (bioventing) or the introduction of genetically
modified strains or consortium (bioaugmentation) while
phytoremediation involves the use of plants and/or associated
microbes for the reduction of contaminant concentration in the
environment to facilitate remediation [3-6]. The use of organic
and inorganic substrates modifies the environment by
introducing nutrients such as nitrogen, phosphorus and other
electron acceptors to increase the rate of contaminant
degradation under indigenous bacteria [7-12]. Bioventing
provides oxygen which ventilates the contaminated
environment to increase the rate of biodegradation. Recently,
researchers focused on the use of oxygen released compounds
and the supply of air to promote the oxidation of pollutants by
activation of oxic conditions to enhance microbial activities for
the contaminant remediation. Several studies by [13], [14] and
[15] have proven the efficacy of air-injection for the
remediation of crude oil contaminated soils.

Abstract— Environmental pollution is a form of land degradation
which has contributed immensely to the reduction of available arable
lands and could lead to the total annihilation of the ecosystem if not
effectively mitigated. Bioremediation technology offers a biological
means which provide an eco-friendly and cost-effective approach for
soil remediation in contrast to physicochemical methods. This study
aims to evaluate the application of wastewaters and air-injection for
the treatment of crude oil contaminated soils. The treatment involves
the amendment of crude oil contaminated soils with wastewaters at
different ratios and the injection of atmospheric air. The results
showed that the combined application of wastewater and air-injection
was effective with 60-75% TPH removal efficiency while single
application recorded 48-59% and 55% for wastewater and air-injection
respectively. The study showed that the application of wastewater and
air-injection can serve as a promising strategy for the remediation of
crude oil contaminated soils..
Keywords— Biostimulation, Bioventing, Crude oil contaminated
soils, Wastewater.

I. INTRODUCTION
The presence of undesirable (toxic) substances in the
environment in high concentration is subject to environmental
pollution and ecological imbalance which has contributed to
the gradual degradation of terrestrial and aquatic habitat. This
release of these toxic substances can be attributed to industrial
activities such as the mineral exploration and processing of
crude oil. Crude oil is an essential raw material required to
produce petroleum-based products such as premium motor
spirit (PMS), dual-purpose kerosene (DPK) and automated gas
oil (AGO) among other products that serve as a source of
energy for industry and daily life. Soil or water contamination
by crude oil can be attributed to oil spills from oil rig blow-out
during drilling operations as a result of pressure control system
failure and also from tankers or refineries during transportation
or processing of crude oil respectively.

Having reviewed relevant literature, this study aims to
evaluate the application of wastewaters (brewery and municipal
wastewater) and the combined effect of wastewaters and
air-injection for the treatment of crude oil contaminated soils.
II. MATERIALS AND METHOD

Manuscript received October 5, 2020. This work was supported by Durban
University of Technology Research Funds
I. M. S. Anekwe is with the Chemical Engineering Department, Durban
University of Technology, Durban 4000, South Africa.
Y. M. Isa is with the Chemical Engineering Department of Durban
University of Technology, Durban 4000, South Africa.

https://doi.org/10.17758/EARES10.EAP1120241

A. Materials
Soil samples were collected from Durban, South Africa and
air-dried for 24hours and subsequently passed through a
standard sieve of 2mm screen. Soil samples for the treatment
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were preserved in a polyethylene bag for future use. Crude oil
was collected from Engen oil Refinery while Brewery and
Municipal wastewaters were gotten from South African
Brewery (SAB) and local South Africa wastewater plant
respectively. Wastewaters were stored in HDPE containers,
kept in the refrigerator. Brewery waste and Municipal waste
were characterized for carbon-oxygen demand (COD) as
shown in Table I.
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B. Methodological Approach
1) Simulation of crude oil contaminated soil
The crude oil contaminated soils were prepared by spiking 1kg
of soil sample with crude oil with 50g (5% w/w) and agitated in
a mechanical shaker to achieve an even distribution of crude oil
in the contaminated soil. To achieve severe contamination of
soil, 5%(w/w) crude oil contamination was adopted [16]. The
contaminated soil was allowed for 2 days for aging and to
mimic a real scenario before the application of bioremediation
methods.
2) Bioremediation studies for Crude
oil-contaminated soil

Fig. 1. Schematic Diagram for the Bioventing (BVT) Treatment
System

C. Analytical Procedure
1) Mechanical Extraction of Residue Crude oil
Soil samples were dried, pulverized using pistol and mortar,
and then passed through a standard sieve size of 63μm to ensure
grains homogeneity. 5g of homogenized soil sample was mixed
with DCM acetone in a ratio of 2:1, agitated for 90mins at
200rpm in a mechanical shaker for effective extraction of
residue crude oil. The extracted crude oil was filtered, and the
filtrate was analyzed using GCMS for TPH. COD was
determined through standard method using COD reactor
(Hach) and Spectrophotometry (DR 3900) while an electronic
pH meter was used to determine the pH of samples.

The treatment of contaminated soil was achieved through the
application of biostimulation and bioventing (BVT) methods.
The experimental setup for the Biostimulation and bioventing
treatment treatments consists of five and four bioreactors
respectively. Wastewaters (BWW and MWW) were amended
at different ratios for the biostimulation study while
atmospheric air was supplied to the bioventing system and
amended with wastewaters as shown in Table II. Air was
injected at 3L/min for 30minutes every 48hours air compressor
(Fig. 1). The bioattenuation (BAT) which neither vented nor
amended with wastewaters was used as a control treatment. All
treatments were conducted at ambient temperature and samples
collected from each treatment for total petroleum hydrocarbon
(TPH) analysis.

III. RESULTS AND DISCUSSION
A. Biostimulation and Bioventing of Crude oil
Contaminated Soils - Results
The results of the treatment showed that the amendment of
wastewater for the biostimulation treatment facilitated the
reduction in TPH concentration. The TPH removal was
relatively fast for the first 2 weeks of BST treatment. However,
BSTc-2, 3, and 4 observed similar trends in TPH reduction with
respect to other treatments but recorded removal efficiencies of
48.67%, 49.67%, and 48.81% respectively which corresponds
to >24000mg/kg TPH removal in week 4 (Fig. 3). The average
removal efficiency of >15% was observed for these treatments
(BST-2, 3, and 4) in week 1, but as BST-2 and BST-3 increased
by average of >7% in TPH removal efficiencies from week 2 to
3, BST-4 only recorded 5.5% increase in removal efficiencies
from week 2 to 3 while week 4 recorded >5% average increase
in removal efficiencies for BST-2 and BST-4, and <3%
increase for BSTc-3. The highest removal efficiency was
recorded with BST-1 with >7% increase in average removal
efficiency from week 2 to attain 58.39% (29,195mg/kg TPH
removal) after 28 days while BST-5 removed 28,310mg/kg
which correspond to 56.62% removal efficiency (Fig. 3). The
BVT treatment showed increased TPH reduction from week 1
with the introduction of atmospheric air which recorded a

TABLE II. BST AND BST TREATMENT OF CRUDE OIL-CONTAMINATED SOIL
Bioreactors

BST-1
BST-2
BST-3
BST-4
BST-5
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(mg/kg-1
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100
75
50
25
0
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0
25
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0
100
0

BVT-4
BAT

Air
(O2)
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√
√
√
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significant removal efficiency of 74.75% at 18.69% average
increase for BVT-2 (from week 1 to week 4) to reduce TPH
concentration to 12,625mg/kg after week 4 (Fig. 4). However,
BVT-3 and BVT-4 recorded an average increase of 15% in
TPH removal efficiency (from week 1 to week 4) and were able
to reduce TPH concentration to 19990mg/kg and 19265mg/kg
from the treatment respectively in week 4 while BVT-1
maintained >9% average increase in removal efficiencies to
successfully remove 27465mg/kg TPH from the treatment (Fig.
4). In comparison to other treatments, the control treatment
BATc recorded the least removal efficiency (34.5%)
representing 17,250mg/kg TPH removal from the treatment.
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Fig. 4. TPH removal (mg/kg soil) from BVT treatment
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B. Discussion
60

The amendment of wastewater for the BST treatment
enhanced microbial activities as evident in the increase in TPH
weekly removal efficiency from week 1 to week 4 indicates,
since the introduction of the wastewater provides organic
nutrients to the native microorganisms in the soil for an
effective TPH degradation, and the correlation between
microbial growth and increase in biodegradation has been
validated in different studies [7-11]. Also, organic substrates
like MWW and BWW act as bulking agents, pH buffer, organic
replacement, soil conditioners and also a natural surfactant that
improves petroleum solubility [17] to improve bioavailability
and metabolism for the treatment of TPH polluted soils [12].
Reference [18] reported that the use of organic nutrient also
serves to immobilize oil-degrading strains which consume
these substrates and transform them into usable biomass for
hydrogenase. However, the appreciable TPH removal
efficiency of 58.39% recorded by treatments amended with
BWW (BST-1) when compared to BST-5 (MWW) (56.62%)
can be attributed to the high nutrient content present in brewery
wastewater which accounts for the substantial microbial load in
BWW [18-22], required for enhanced biodegradation of crude
oil [18]. This also explains the slight variation in the removal
efficiencies recorded with the mixed substrates (BST-2, 3 & 4)
with an average removal efficiency of 49.05%.
The introduction of air into the bioventing system, however,
improved oxic conditions for the BVT treatments, by creating
an aerobic atmosphere which is responsible for the
reinforcement of autochthonous microorganisms’ activities
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Fig. 3. Evaluation of TPH removal Efficiency of BST treatment
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provided enough oxygen in the treatment system which
enhanced aerobic conditions for effective biodegradation and
TPH removal. The combined applications of BVT and
wastewater amendment was more effective as evident in the
significant removal efficiency of 65.41% (avg.) while
bioventing and biostimulation recorded 52.43% and 54.93%
average TPH removal efficiencies respectively. However,
further study is required to validate the large scale application
of this method.

[23]. The application of combined air-injection and nutrient
amendment enhance TPH removal efficiency according to [13]
than the single application of these techniques, as the presence
of oxygen ventilates the environment, wastewater ensures the
availability of nutrients [7] to the degrading organisms, which
accounts for the significant biodegradation efficiency recorded
with BVT treatments. From the results of this study, the
introduction of atmospheric air (BVT treatments) increased the
TPH removal efficiencies by 16.36%, 3.4% and 12.42%
(BVT-2 (air + BWW), BVT-3 (air + MWW) and BVT-4 (air +
BWW + MWW) respectively) which represents 74.75%,
60.02% and 61.47% when compared to corresponding BST
treatments (BST-1 (BWW). BST-5 (MWW) and BST (BWW +
MWW) respectively). Also, the average removal efficiency of
BVT treatment was 10.36% greater than the BST treatment
(52.43%). The findings of this study, validated by [24], [15]
and [25] were in clear contrast to those of [26], which reported
that nutrient amendment to BVT treatment was insignificant for
increased biodegradation efficiency. Moreover, it has been
reported that some nutrients and soil type may be a limiting
factor in biodegradation since some additives may trigger
increased toxicity [14] and soil type (i.e. clay soil) can result to
low oxygen penetration due to small pores which possibly
reduce TPH removal efficiency [27-30], hence, may justify the
findings by [26].
In agreement with the current BST study which recorded
52.43% average removal efficiency after 28 days, [31]
recorded 43% using an organic substrate with 60,000mg/kg
while 3000 and 30,000mg/kg contaminated soil recorded
52.11% and 58.36% average removal efficiencies after 90days
study period. The findings showed that crude oil concentration
above 30,000mg/kg lowers TPH biodegradation efficiency
which applies to the present study. Similarly, [32] and [33]
recorded 45-65.6%, and 45-60% (average of 55.3%, and
52.5%) removal efficiencies using sewage sludge after 9 and 10
weeks study period respectively which corresponds to the
results of the present BST study (48-58% removal efficiency).
However, the results of the current BVT study with 54.93%
(BVT) and 65.41% (BVT and wastewater amendment) average
TPH removal efficiencies correspond to the studies by [34] and
[7] which reported 64.2% and 61.7% TPH removal efficiencies
with bioventing after 12month and 28 days treatment period
respectively while and appreciable removal efficiency of >75%
was recorded with bioventing and organic amendment
according to [7] after 28 days. Similarly, [13], [14] and [15]
recorded >70% TPH removal with bioventing and nutrient
amendment technique after 112, 210 and 120days treatment
period accordingly while [35] and [36] reported an average of
60% and 65% TPH removal efficiencies with bioventing and
nutrient supplement after 91 and 40-50days study period
respectively. The study showed that wastewater can serve an
effective organic stimulant while air-injection adequately
provides an aerobic environment for appreciable TPH
reduction and treatment of crude oil contaminated soils.
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