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ABSTRACT
The purpose of this study is to investigate and evaluate the effects of natural bioattenuation, bioventing, and brewery waste effluents amendment as biostimulation-bioaugmentation agent on biodegradation of diesel oil in unsaturated soil. A microcosm system was
constructed consisting of five plastic buckets containing 1 kg of soil, artificially contaminated or spiked with 10% w/w of diesel oil. Biodegradation was monitored over 28
days by determining the total petroleum hydrocarbon content of the soil and total hydrocarbon degrading bacteria. The results showed that combination of brewery waste effluents amendment and bioventing technique was the most effective, reaching up to 91.5%
of diesel removal from contaminated soil; with the brewery waste effluents amendment
(biostimulation-bioaugmentation), the percentage of diesel oil removal was 78.7%; with
bioventing, diesel oil percentage degradation was 61.7% and the natural bioattenuation technique resulted in diesel oil removal percentage be not higher than 40%. Also,
the total hydrocarbon-degrading bacteria (THDB) count in all the treatments increased
throughout the remediation period. The highest bacterial growth was observed for combined brewery waste effluents amendment with bioventing treatment strategy. A firstorder kinetic model was fitted to the biodegradation data to evaluate the biodegradation
rate and the corresponding half-life time was estimated. The model revealed that diesel
oil contaminated-soil microcosms under combined brewery waste effluents amendment
with bioventing treatment strategy had higher biodegradation rate constants, k as well
as lower half-life times, t1/2 than other remediation systems. This study showed that
the microbial consortium, organic solids, nitrogen and phosphorus present in the brewery waste effluents proved to be efficient as potential biostimulation-bioaugmentation
agents for bioremediation processes of soils contaminated with diesel oil.
Keywords: bioremediation, bioventing, biostimulation, bioaugmentation, brewery
waste effluents, diesel oil, first-order kinetics.

INTRODUCTION
Petroleum-based products are the major
source of energy for industry and daily life. Leakages and accidental spills occur regularly during
the exploration, production, reﬁning, transport,
and storage of petroleum and petroleum products.
The contamination of soil by crude oil and petroleum products has become a serious problem
that represents a global concern for the potential
consequences on ecosystem and human health
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[Onwurah et al., 2007]. Among petroleum products, diesel oil is a complex mixture of alkanes
and aromatic compounds that are frequently reported as soil contaminants leaking from storage tanks and pipelines or released in accidental
spills [Gallego et al., 2001]. The scale of hazards
imposed on the natural environment depends on
the surface of the area contaminated by the petroleum products, their chemical composition, and
the depth at which pollutants occur [Wolicka et
al., 2009]. The technology commonly used for
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soil remediation includes mechanical, burying,
evaporation, dispersion, and washing. However,
these technologies are expensive and can lead to
incomplete decomposition of contaminants [Das
and Chandra, 2011]. For this reason an increasing
attention has been directed toward the research
of new strategies and environmental-friendly
technologies to be applied for the remediation of
soil contaminated by petroleum hydrocarbons.
Among these, bioremediation technology which
involves the use of microorganisms to detoxify
or remove pollutants through the mechanisms
of biodegradation has been found to be an environmentally-friendly, noninvasive and relatively
cost-effective option [April et al., 2000].
The activation of natural degradation potentials in environmental media is currently the challenge in the environmental research addressed
to remediation methods. Ways to activate these
potentials must consider that most degradation
potentials are widely distributed among microorganisms (Alexander, 1999) but indigenous
microbes are usually present in a very small
number. Moreover, the degradative metabolism
towards specific pollutants needs often to be induced. Possible ways to overcome these limitations include changes of physicochemical parameters (pH, T, electron donors or acceptor, etc.) as
well as a “niche adjustment” by the inoculation
of competent microorganisms into these systems
(bioaugmentation). Thus, petroleum hydrocarbon
bioremediation in soil can be promoted or activated through stimulation of the indigenous microbial population, by introducing nutrients and
oxygen into the soil (biostimulation) [Seklemova
et al., 2001] or through inoculation of an enriched
microbial consortium into soil (bioaugmentation)
[Richard and Vogel, 1999; Bento et al., 2005].
Recently, researchers have focused on the use
of oxygen-release compounds (ORCs) and supply
of air to promote the direct oxidation of pollutants
and, at the same time, to increase aerobic microbial degradation [Tsai et al., 2009; Agarry et al.,
2012; Zhang et al., 2014]. Injection of air through
the method of bioventing is amongst the known
bioremediation technologies for cleaning up the
petroleum contaminated soil in the unsaturated
zone. Bioventing has been defined as a method
that stimulates indigenous microorganisms to
biodegrade aerobically degradable compounds
in soil by providing adequate oxygen or aeration
[Leeson and Hinchee, 1997; Byun et al., 2006].
Biostimulation and bioaugmentation strategies

has been widely used in remediation of organic
contaminated soils in the past few years. Effective bioremediation of petroleum-contaminated
soil using bioventing has been proved by some
research [Moller et al., 1996; Kirsten et al., 2005;
Byun et al., 2006; Morales et al., 2013; Thome et
al., 2014].
Positive effects of nitrogen amendment using
nitrogenous fertilizer on microbial activity and/
or petroleum hydrocarbon degradation have been
widely demonstrated [Brook et al., 2001; Margesin et al., 2007]. However, in developing countries, inorganic chemical fertilizers are costly as
well as not sufficient for agriculture, let alone for
cleaning oil spills. Therefore, it necessitates the
search for cheaper and environmentally friendly
options of enhancing petroleum hydrocarbon
degradation. One of such options is the use of organic wastes effluents that could act as bulking
agents and also as bacterial biomass suppliers.
There are no adequate literatures on the potential use of these industrial-derived organic wastes
effluents as biostimulating and bioaugmentation
agents. However, few workers have investigated
the potential use of solid organic wastes such sugarcane bagasse [Molina-Barahona et al., 2004],
spent brewery grain [Abioye et al., 2009] and
animal wastes like cow dung [Akinde and Obire,
2008; Singh and Fulekar, 2009], pig dung [Yakubu, 2007], poultry manure [Okiemen and Okiemen, 2005], goat dung [Agarry et al., 2010], and
sewage sludge [Mao and Yue, 2010] as biostimulating agents in the cleanup of soil contaminated
with petroleum hydrocarbons and were found to
show positive influence on petroleum hydrocarbon biodegradation in a polluted environment.
Nevertheless, the search for cost effective and environmentally friendly methods of petroleum hydrocarbon removal from contaminated sites still
needs to be further investigated. However, to the
best of our knowledge, there is a dearth of information on the use of brewery waste effluents for
stimulation of autochthonous microﬂora of petroleum hydrocarbons-contaminated soils. Furthermore, the evaluation and comparison of bioventing and liquid organic wastes in petroleum hydrocarbon bioremediation has not been reported in
the literature.
Therefore, the objectives of this study are to
determine the biostimulation-bioaugmentation
potential of brewery waste effluents as either
alone and/or in combination with bioventing in
enhancing the biodegradation of diesel oil as the
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target contaminant in soil. Also, to evaluate and
compare, model and analyzed the degradation
kinetics of diesel oil for natural attenuation, bioventing, and organic wastes effluents enhanced
bioremediation.

MATERIALS AND METHODS
Sample collection
The main materials used for this study are:
soil, brewery waste effluents and diesel oil. Soil
samples were collected from an un-impacted
zone of Ladoke Akintola University of Technology Agricultural Farm. About 2 kg of bulk surface and subsurface soil was collected from different areas on the sampling sites. The bulked
composite soil was preserved by putting them in
sterile polyethylene bag, properly sealed and kept
in the refrigerator prior to further use. The brewery waste effluents were collected from Nigerian
Breweries Plc., Ibadan, Nigeria. The diesel oil
was obtained from a commercial petroleum products station, Ogbomoso, Nigeria.
Soil and brewery waste effluents
characterisation
The soil sample was characterized for total
organic carbon (TOC), total nitrogen (N), total
phosphorus, moisture content, pH, and total hydrocarbon degrading bacteria (THDB) according
to standard methods. Soil pH was determined
according to the modified method of McLean
(1982); total organic carbon was determined by
the modified wet combustion method [Nelson
and Sommers, 1982] and total nitrogen was determined by the semi-micro-Kjeldahl method
[Bremner and Mulvaney, 1982]. Available phosphorus was determined by Brays No. 1 method

[Olsen and Sommers, 1982] and moisture content
was determined by the dry weight method. The
total hydrocarbon degrading bacteria (THDB)
populations were determined by the vapor phase
transfer method [Amanchukwu et al., 1989]. The
physic-chemical and microbiological properties
of the soil and brewery waste effluents are given
in Table 1.
As shown in Table 1, brewery waste effluents
contained significantly large amount of effective
nitrogen, effective phosphorus and microorganism compared with the soil having low level of
total nitrogen and phosphorus suggesting low
nutrient level. These analyses indicate that brewery waste effluents can be added as nourishment
for composting of soil. Moreover, the addition of
brewery waste effluents can increase the microorganism density and the activity of soil. Organic component in brewery effluent (expressed as
COD) is generally and easily biodegradable as it
mainly consists of sugar, soluble starch, ethanol,
volatile fatty acids, while the brewery solids (expressed as TSS) mainly consist of spent grains,
kieselguhr, waste yeast and (‘hot’) trub [Inyang
et al., 2012].
Isolation, Characterization, and Identification
of Bacteria in Soil and Brewery waste effluents
The spread plate technique [APHA, 2005] using nutrient agar (Oxoid) was employed for the
isolation of bacteria in soil and brewery waste effluents. The plates were incubated at 37 °C for 18
– 24 h. Pure bacterial isolates were characterized
and identified using various criteria, as described
by Krieg et al. (1994). Bacteria and fungi isolated
from brewery waste effluents include Pseudomonas sp, Acetobacter sp, and Flavobacterium sp,
Aspergillus niger, Curvularia sp and Alternaria sp, respectively. Meanwhile, the microorgan-

Table 1. Physical-chemical and microbiological characteristics of unimpacted soil and brewery waste effluents
Parameters

Soil

Brewery waste effluents

Total nitrogen (%)

0.06 ± 0.01

0.34

Total carbon (%)

0.45 ± 0.03

–

Total organic matter (%)

0.78 ± 0.02

–

Available phosphorus (%)

–

0.44

Biochemical Oxygen Demand (BOD) mg/l

–

30

Chemical Oxygen Demand (COD) mg/l

–

410

Total Suspended Solids (TSS) mg/l

–

65

pH
Bacterial count (cfu/g)

84

7

8.2

0.3 ± 1.6 × 106.

0.2 ± 5.0 × 1010
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isms present in the LAUTECH agricultural soil
were identified to be made up of mainly Bacillus
and Pseudomonas species.
Experimental design for the bioremediation
of diesel oil-spiked soil
Five plastic buckets used as bioreactors were
prepared for each soil treatment, designated as
bioattenuation (treatment A), bioventing (treatment B), brewery waste effluents amendment
(treatment C), combined brewery waste effluents
amendment and bioventing (treatment D), and
control experiment (treatment E). Each bioreactor
contained 1 kg of soil, spiked with 150 ml of 100
g of diesel oil (10% w/w) and thoroughly mixed
together to achieve complete artificial contamination. 10% spiking was adopted in order to achieve
severe contamination as the concentration above
3%, oil has been reported to be increasingly deleterious to soil biota and crop growth [Osuji et
al., 2005]. Two weeks after the contamination (to
allow for aging), the different remediation treatments were applied. For bioreactors B and D, air
compressor pump used by vulcanizer was used to
allow for atmospheric air to be drawn in towards
a perforated pipe in the centre. The bioreactor
under treatment C was amended with 50 g of
brewery waste effluents and the bioreactor under
treatment D was amended with 50 g of brewery
waste effluents and subjected to bioventing. The
bioreactor under treatment A was neither amended with brewery waste effluent nor subjected to
bioventing. Soil in the bioreactor used as control
experiment was sterilized three times by autoclaving at 121 °C for 15 min. All the bioreactors
with its contents were incubated at room temperature (28 ± 2 °C) for 28 days. Water content
(moisture) of soil in each bioreactor was adjusted
every week by addition of sterile de-ionized water to a moisture holding capacity of 50%. In order to avoid anaerobic conditions, contents of the
bioreactor were aerated by mixing every 3 days.
Samples were taken every week and analyzed for
total petroleum hydrocarbon (TPH) (i.e. residual diesel oil) and total hydrocarbon–degrading
bacteria (THDB), respectively. The experiments
were carried out in triplicates.
Extraction and determination of total
petroleum hydrocarbon
The extent of hydrocarbon utilization in the
diesel oil was estimated gravimetrically and

spectrophotometrically [Adesodun and Mbagwu,
2008]. Soil samples (approximately 10 g) was
taken from each microcosm and put into a 50 mL
flask and 20 mL of n-hexane was added. The mixture was shaken vigorously on a magnetic stirrer
for 30 minutes to allow the hexane extract the oil
from the soil sample. The solution was then filtered using a Whatman filter paper and the liquid
phase extract (filtrate) diluted by taking 1 mL of
the extract into 50 mL of hexane. The absorbance
of this solution was measured spectrophotometrically at a wavelength of 400 nm HACH DR/2010
Spectrophotometer using n-hexane as blank. The
total petroleum hydrocarbon in soil was estimated
with reference to a standard curve derived from
fresh crude oil of different concentration diluted
with n-hexane. Percent degradation (D) was calculated using the following formula:
D=

TPH i − TPH r
× 100
TPH i

(1)

Where TPHi and TPHr are the initial and residual
TPH concentrations, respectively.
Kinetic model analysis
Kinetic analysis is a key factor for understanding biodegradation process, bioremediation
speed measurement and development of efficient
clean up for a petroleum hydrocarbon contaminated environment. The information on the kinetics of soil bioremediation is of great importance
because it characterizes the concentration of the
contaminant remaining at any time and permit
prediction of the level likely to be present at some
future time. Petroleum hydrocarbon biodegradation rates are usually difficult to predict due to the
complexity of the environment [Zhu et al., 2001].
Nevertheless, biodegradation rate of organic
compounds by microorganisms is often described
by the equation as follows [Wang et al., 2001]:

q=

qm c
k +c

(2)

Where q is biodegradation rate, qm is maximum
specific biodegradation rate, c is the substrate
concentration and k is half-saturation constant. If
c ≤ k; Eq. (2) can be reduced to:

q=

qm c
k

(3)

Eq. (3) is a typical first-order model. The use
of first-order kinetics in the description of bio-
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degradation rates in environmental fate models is
common because mathematically the expression
can be easily incorporated into the model [Greene
et al., 2000). Assuming k1 = (qm/k) and integrating
Eq. (3), the following relation
q m c of substrate concen
q
tration to time can be obtained as given in Eq. (4):
k
ln c = a + k1 t
(4)

RESULTS AND DISCUSSION
Diesel biodegradation

The biodegradation profile of diesel oil in soil
subjected to (3)
bioventing and also amended with
brewery waste effluents is shown in Figure 1.
It iskinetics
observed in
thatthe
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percentage reduction
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waste effluents is shown in Fig. 1.
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Figure 1. Time course for the biodegradation ofBioventing
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Fig. 1: Time course for the biodegradation of diesel oil under natural bioattenuation, bioventing,
brewery waste effluents amendment and combined brewery waste effluents amendment with
86
bioventing. Bars indicate the average of triplicate samples while the error bars show the standard
deviation.
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These observations may be due to the fact that
bioventing increased the oxygen level in the soil
required by the autochthonous microorganisms
while the brewery waste effluents increased the
nutrients level as well as the microbial load or
density in the soil thus acting as biostimulation
and bioaugmentation agent. Similar observations have been reported using bioventing technique [Morales et al., 2013; Thomé et al., 2014]
as well as using mixture of cow, goat and poultry
dungs (which acts as biostimulation-bioaugmentation agent) [Agarry and Jimoda, 2013b], and
brewery spent grain [Abioye et al., 2012] Nevertheless, amendment with brewery waste effluents
elicited a higher biodegradation of diesel oil than
the bioventing treatment. However, Morales et al.
(2013) reported that that bioventing strategy enhanced the bioremediation of diesel oil more than
bioaugmentation. Generally, in this work, the
combination of brewery waste effluents amendment and bioventing (biostimulation-bioaugmentation + bioventing) treatment strategy showed
relatively greater %TPH degradation than the
bioventing and brewery waste effluents amendment treatments respectively used alone during
the whole period of remediation. Moller et al.
(1996) and Thome et al. (2014) have respectively
reported that biostimulation-bioventing elicited
higher diesel oil biodegradation than biostimulation and bioventing respectively used alone.
Figure 2 shows the growth profiles of the total
hydrocarbon degrading bacteria (THDB) in microcosms due to natural attenuation, bioventing,
and brewery waste effluents amendments treatment methods.

Generally, it is seen that the microbial
(THDB) counts increased from day 0 to day 28
in each of the treatment microcosms. For natural attenuation (microcosm A), the THDB count
increased from 0.2 ± 1.00 to 0.1 ± 2.54 × 1010
cfu-g-1, while it increased from 0.3 ± 1.10 to 0.2 ±
4.10 × 1010 cfu-g-1, 0.1 ± 1.08 to 0.2 ± 6.80 × 1010
cfu-g-1, and 0.3 ± 1.20 to 0.2 ± 9.80 × 1010 cfug-1 for bioventing (microcosm B), brewery waste
effluents amendment (microcosm C), and brewery waste effluents amendment with bioventing
(microcosm D), respectively. This corresponded
to a growth increase of 364%, 530%, and 717%
for soil microcosms B, C and D subjected to bioventing, brewery waste effluents amendments
and brewery waste effluents amendment with
bioventing, respectively. The percentage THDB
growth in the unamended soil (natural attenuation) is 154%. This showed that the soil microcosms subjected to bioventing, brewery waste effluents amendments and brewery waste effluents
amendment with bioventing enhanced the microbial growth rate which accounted for the higher
microbial counts observed in all the soil microcosms subjected to bioventing and brewery waste
effluents amendments either alone or in combination than the unamended soil microcosm (natural
attenuation). The higher microbial count in soil
microcosms subjected to bioventing and brewery waste effluents amendments either alone or
in combination may be due to increased oxygen
level and high nutrient level which stimulated increase in microbial population and activities thus
leading to high energy (carbon) demand by the
oil-degrading microbes.

Figure 2. Time course for the growth of total hydrocarbon degrading bacteria (THDB) in diesel oil contaminated
soil under natural bioattenuation, bioventing, brewery waste effluents amendment and combined brewery waste
effluents amendment with bioventing treatments. Bars indicate the average of triplicate samples while the error
bars show the standard deviation
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Evaluation of Biodegradation Kinetics and
Half-Life
First-order kinetic model equation (Eq. 4)
fitted to the biodegradation data was used to determine the rate of biodegradation of diesel oil
in the various remediation treatments which is
illustrated in Figure 3.
The biodegradation data fitted well to the
first-order kinetic model with high correlation
coefficient (R2) that lies between 0.90 and 0.98.
The half-life times of diesel oil biodegradation
was calculated using Eq. 5. The biodegradation
rate constants (k) and half-life times (t1/2) for
the different remediation treatments are presented in Table 2.
It is to be noted that the higher biodegradation rate constants, the higher or faster is
the rate of biodegradation and consequently
the lower is the half-life times. Table 2 shows

that the biodegradation of diesel oil in soil under combined brewery waste effluents amendments and bioventing treatment strategy had
a higher k (0.108 day-1) and lower t1/2 (6.4
days) than that under brewery waste effluents
amendment alone (k = 0.069 day -1 and t1/2= 10
days), bioventing (k = 0.043 day-1 and t1/2= 16.1
days), and natural attenuation (k = 0.016 day-1
and t1/2= 43.3 days), respectively. Therefore,
the value of the kinetic parameter showed that
the degree of effectiveness of these treatment
strategies in the clean-up of soil contaminated
with diesel oil is in the following order: brewery waste effluents amendment with bioventing > brewery waste effluents amendment >
bioventing > natural bioattenuation. Nevertheless, these observations indicate that bioventing and brewery waste effluents amendment alone or in combinations enhanced TPH
reduction.

Figure 3. First-order kinetic model fitted to the diesel oil biodegradation data under (a) natural bioattenuation,
(b) bioventing, (c) brewery waste effluents amendment, and (d) combined brewery waste effluents amendment
with bioventing treatments
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Table 2. The biodegradation rate constants (k) and half-life (t1/2) time of diesel biodegradation in the various
treatments
Microcosm code

Soil treatment

k (day-1)

R2

t1/2 (days)

A

Natural bioattenuation

0.016

0.983

43.3

B

Bioventing

0.043

0.929

16.1

C

Amendment with brewery waste effluents

0.069

0.947

10

D

Amendment with brewery waste effluents + Bioventing

0.108

0.909

6.4

CONCLUSIONS
From this present study, it can be concluded
that the reduction of diesel oil in the contaminated soil indicates the presence of diesel-degrading
microbial communities; and that the rate of diesel
oil biodegradation in soil could be enhanced by
bioventing and amendment with organic waste
effluents that could serve as both biostimulation
and bioaugmentation agents, respectively. The
soil treatment under combined brewery waste effluents amendments and bioventing exhibited the
highest degree of biodegradation with the highest
biodegradation rate constant (k = 0.108 day-1) and
lowest half-life time (t1/2= 6.4 days)) and the soil
treatment under natural bioattenuation the least
degradation with the lowest biodegradation rate
constant (k = 0.016 day-1) and highest half-life
time (t1/2= 43.3 days). Thus, the use of bioventing
and biostimulation/bioaugmentation to enhance
diesel oil biodegradation in the soil could be one
of the severally sought bioremediation strategies
of remediating natural ecosystem (environment)
contaminated with petroleum hydrocarbons.
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