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Abstract To demonstrate the potential use of bioremediation in polycyclic aromatic hydrocarbons contaminated
soil using naphthalene as a model pollutant, a laboratory study with the objectives of investigating, evaluating and
comparing the methods of natural attenuation, biostimulation, bioaugmentation, and combined biostimulation and
bioaugmentation was performed. The study dealt with naphthalene biodegradation in soil using inorganic NPK
fertilizer and mixed culture of Alcaligenes, Aeromonas, Micrococcus, and Serratia as source of biostimulation and
bioaugmentation, respectively. Each treatment strategy contained 4% (w/w) naphthalene in soil as a sole source of
carbon and energy. After 4 weeks of remediation, the results revealed that natural attenuation, biostimulation,
bioaugmentation, and combined biostimulation and bioaugmentation exhibited 44%, 69.5%, 77.5%, and 85%
naphthalene degradation, respectively. 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
biostimulation and bioaugmentation treatment strategy. A first-order 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
naphthalene contaminated-soil microcosms under combined biostimulation and bioaugmentation treatment strategy
had higher biodegradation rate constants, k as well as lower half-life times, t1/2 than other remediation systems.
Therefore, the kinetic parameter values showed that the degree of effectiveness of these bioremediation strategies in
the cleanup of naphthalene contaminated soil is in the following order: natural attenuation < biostimulation <
bioaugmentation < combined biostimulation and bioaugmentation. Thus, the present work will contribute to the
development of strategies for in situ treatment of polycyclic aromatic hydrocarbons contaminated soils.
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1. Introduction
Soil is a valuable resource as it regulates
biogeochemical cycles, filters and remediates pollutants
and enables food production [1]. The presence of
polycyclic aromatic hydrocarbons (PAHs, fused-ring
compounds) in soil has considerable toxicological concern
because of their high toxicity, mutagenic and carcinogenic
properties [1,2]. Due to their high mobility and long
persistence in the environment, these compounds are
included in the list of priority toxic pollutants of the
European Environmental Agency [3] and the US
environmental protection agency [4]. PAHs are produced
during fossil fuel combustion, waste incineration or as byproducts of industrial processes including coal gasification,
production of aluminum/iron/steel, creosote, pharmaceutical
wastes, petroleum refining, and component of wood
preservatives, smoke houses and wood stoves [5,6].
Systematic exposure to naphthalene (example of PAHs)
and its derivatives has been shown to cause several

diseases and disturbances to human metabolism [7,8].
Biological method of treatment has turned out to be a
favorable alternative for naphthalene degradation and
several reports are available on the removal of
naphthalene by different microorganisms such as
Pseudomonas spp, Bacillus spp., Vibrio spp,
Mycobacterium
spp,
Marinobacter
spp,
and
Sphingomonas spp., Micrococcus spp [9,10,11,12].
The aerobic and anaerobic biodegradation of PAHs
have been studied [13,14,15,16] and were found to
generally degrade slowly in the environment particularly
in marine systems [17,18]. The low degradation rates of
PAHs may probably be due to their stable structure,
nutrient deficits in the environment and adsorption unto
particulate matter [19,20,21]. Solid-phase ex situ soil
bioremediation systems includes land farming, biopiling
and composting. In most cases, the treatment of petroleum
hydrocarbon contaminated environments has involved
biostimulation—the addition of nutrients to stimulate the
spontaneous enrichment of the indigenous hydrocarbon
oxidizing microbial population [22].
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Studies have revealed that biodegradation of PAHs can
be enhanced with the use of biostimulating agents such as
surfactants and inorganic or organic nutrients
[13,14,15,16,23,24]. However, there has been considerable
debate over the efficacy of bioaugmentation (the addition
of dried or liquid cultures of either indigenous or
exogenous microorganisms) [25] to expedite remediation
process. This is because in some cases indigenous bacteria
have been shown to out-compete artificially introduced
strains in several bioremediation investigations [26].
Therefore, the objectives of this study were to examine,
evaluate, and compare the methods of natural attenuation,
biostimulation,
bioaugmentation,
and
combined
biostimulation and bioaugmentation in the bioremediation
of soil contaminated with naphthalene. The kinetics of
naphthalene biodegradation process was modeled as well
as estimation of the biodegradation half-life time was
carried out.

2. Materials and Methods

Ogbomoso, Nigeria. Soil samples were collected at
subsurface level at five different points, pooled together
and stored in closed containers at 4°C prior to use. The
spread plate technique [32] using nutrient agar (Oxoid)
was employed for their isolation. 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. [33]. Pure isolates were
transferred into nutrient agar slants stored at 4oC and
served as the stock cultures for subsequent tests. Six
predominant bacterial genera were identified, which
include Alcaligenes, Aeromonas, Bacillus, Micrococcus,
Pseudomonas
and
Serratia.
Meanwhile,
the
microorganisms present in the LAUTECH agricultural
soil were identified to be made up of mainly Bacillus and
Pseudomonas species. However, the microbial species of
Alcaligenes, Aeromonas, Micrococcus, and Serratia
present in the auto-mechanic soil which are not found in
the LAUTECH agricultural soil were used as test
organisms for the bioaugmentation study.

2.4. Inoculum Preparation and Enrichment of
Mixed Bacterial Culture

2.1. Soil Sample Collection
Soil samples were collected from an unimpacted zone
of Ladoke Akintola University of Technology Agricultural
Farm. About 2kg 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.

2.2. Soil 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 [27]; total organic carbon was determined by the
modified wet combustion method [28] and total nitrogen
was determined by the semi-micro-Kjeldahl method [29].
Available phosphorus was determined by Brays No. 1
method [30] 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 [31]. The physic-chemical
properties of the soil are given in Table 1. The soil was
characterised by low level of total nitrogen suggesting low
nutrient level.
Table 1. Physico-chemical Characteristics of the Unimpacted Soil
Parameters

Value

Total nitrogen (%)

0.06 ± 0.01

Total carbon (%)

0.45 ± 0.03

Total organic matter (%)

0.78 ± 0.02

pH

7

2.3.
Isolation,
Characterization,
Identification of Bacteria

A loopful of each stock culture of Alcaligenes,
Aeromonas, Micrococcus, and Serratia species were
respectively inoculated into 250 ml Erlenmeyer flasks
containing 100 ml of freshly prepared sterile nutrient broth
medium (0.8%) made up of yeast extract 2.0 g/L, peptone
5.0 g/L, NaCl 5.0 g/L, and agar 15.0 g/L, incubated at
37°C for 48 h in an orbiter shaker (), and agitated at 120
rpm. Aliquots (50 ml) of each culture medium were
centrifuged at 4900 ×g for 15 min. The cell pellets were
washed three times in sterile normal saline and
resuspended in 750 ml autoclaved normal saline (0.89%
NaCl in distilled water). Ten milliliters of each cell
suspension were mixed in a sterilized screw-capped test
tube and this was the mixed bacterial culture. One
milliliter of the cell suspension (mixed bacterial culture)
was introduced into a 250 ml Erlenmeyer flask containing
100 ml of sterile nutrient broth supplemented with
naphthalene (3% w/v) as the carbon and energy source
was incubated for 48 h at 37oC in an orbiter shaker
agitated at a speed of 120 rpm. After 48 h of growth, in
the same manner, 1 ml of the culture was transferred
aseptically to serially increasing concentration of
naphthalene up to 10% (w/v). Cells were recovered by
centrifugation and resuspended in normal saline to set an
OD of 0.7 at 660 nm. This inoculum (10% w/v) was the
one used for bioaugmentation to study the biodegradation
of naphthalene in soil.

2.5.
Experimental
Design
for
the
Bioremediation of Naphthalene-Spiked Soil

and

The bacterial strains used for bioaugmentation in this
study were isolated from spent lubricant-contaminated
soils collected from an Automobile Service Workshop in

Four plastic bins used as bioreactors were prepared for
each treatment, designated as bioattenuation (treatment A),
biostimulation (treatment B), bioaugmentation (treatment
C), and combined biostimulation and bioaugmentation
(treatment D). Each bioreactor contained 1 kg of soil,
contaminated and mixed well with 100 ml of 40 g of
naphthalene (4% w/w) dissolved in methanol. The
bioreactor under treatment B was amended with 2.56 g of
NPK fertilizer (biostimulation), and the bioreactor under

International Journal of Environmental Bioremediation & Biodegradation

treatment C was amended with 40 ml of inoculum (3.2 ×
105 colony forming units [CFU]・g−1) (bioaugmentation),
respectively. The bioreactor under treatment D was
amended with both 40 ml of inoculum and 2.56 g of NPK
fertilizer (combined biostimulation and bioaugmentation)
[34]. The bioreactor or microcosm under inorganic NPK
fertilizer treatment had a C:N:P ratio of 100:10:1 [35]. It
was assumed that the aforementioned quantity of the
inorganic fertilizer applied to the contaminated soil in the
bioreactor was well worked to at least 15 cm depth in the
reactor. Thus, the equivalent of 640 kg per hectare of
inorganic fertilizer was applied to the reactor. These
amounts supplied 128 kg per hectare of nitrogen for the 4week. The bioreactor under treatment A was not amended
with either NPK fertilizer and/or inoculum (natural
bioattenuation). 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 (28oC ±2oC) for four
weeks. The water (moisture) content 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 residual
naphthalene and total hydrocarbon–degrading bacteria,
respectively. The experiments were carried out in
triplicates.

2.6. Extraction and Residual Naphthalene
Analysis
The samples were air-dried and naphthalene was
recovered from the soil by soxhlet extraction using nhexane as the solvent. The hexane extracts were each
evaporated to 2ml in a temperature-controlled water bath.
The extracts were analysed by gas chromatography for
naphthalene. The gas chromatograph was carried out by
the Hewlett Packard Model 5890 Series II equipped with
flame ionisation detector. Nitrogen was used as the carrier
gas at a pressure of 60 – 65psi. The initial column
temperature was 68°C and held at this temperature for 2
min after which it was increased to 260°C at a heating rate
of 12°C/min for 16 min. It was isothermally held at this
temperature for 4 min and then increased to 320°C at a
heating rate of 15°C/min for 4 min and maintained at this
temperature for 8 min. The pressure of hydrogen and air
are 35 and 45psi, respectively, with injector and detector
temperatures at 300 and 320°C, respectively. Sample
volume injected was 2μl [36]. Calibration curve for
naphthalene was prepared using the standard solutions
supplied by manufacturer of the equipment.

2.7. 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
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rates are usually difficult to predict due to the complexity
of the environment [37]. Nevertheless, biodegradation rate
of organic compounds by microorganisms is often
described by the equation as follows [38]:
q c
q= m
k +c

(1)

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. (1) can be
reduced to:
q c
q= m
k

(2)

Eq. (2) is a typical first-order model. The use of firstorder kinetics in the description of biodegradation rates in
environmental fate models is common because
mathematically the expression can be easily incorporated
into the model [39]. Assuming k1 = (qm k ) and
integrating Eq. (2), the following relation of substrate
concentration to time can be obtained as given in Eq. (3):
ln c= a + k1t

(3)

2.7.1. Estimation of Biodegradation Half-Life Times
The biological half-life is the time taken for a substance
to lose half of its amount. Biodegradation half-lives are
needed for many applications such as chemical screening
[40], environmental fate modeling [41] and describing the
transformation of pollutants [42,43]. Biodegradation half
life times ( t1/2 ) are calculated by Eq. (4) [44,45]:
t1/2 =

ln 2
k

(4)

Where k is the biodegradation rate constant (day-1). The
half life model is based on the assumption that the
biodegradation rate of hydrocarbons positively correlated
with the hydrocarbon pool size in soil [46].

2.8. Data Analysis
The data were subjected to one-way analysis of
variance (ANOVA) at 5% probability. The data analysis
was performed using statistical package for social sciences,
version 16.0 (SPSS Inc., Chicago, IL, USA).

3. Results and Discussion
3.1. Naphthalene Removal and Microbial
Growth
Figure 1 shows the biodegradation profile of
naphthalene as a function of remediation time for each
bioremediation
strategy,
natural
attenuation,
biostimulation,
bioaugmentation,
and
combined
biostimulation and bioaugmentation.
From Figure 1, it is revealed that naphthalene
biodegradation started very fast during the first week of
remediation in all the treatments and slowly continued up
to the fourth week (day 28). The concentration of
naphthalene (4% w/w) was reduced to 2.25%, 1.22%,
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9.0%, and 6.0% in 4 weeks of remediation and
correspondingly 44%, 69.5%, 77.5%, and 85%
naphthalene reduction was achieved under natural
attenuation, biostimulation, bioaugmentation, and
combined biostimulation and bioaugmentation treatments,
respectively. This observation revealed that during the
naphthalene biodegradation in soil, addition of inorganic
NPK fertilizer and bacterial inoculums individually
resulted in a more effective bioremediation response than
the natural attenuation. Similar observations have been
reported for kerosene [34,47] and spent engine oil [48,49].
Nevertheless, bioaugmentation strategy elicited a higher
biodegradation of naphthalene than the biostimulation
treatment. This is in agreement with the observation of
Bento et al. [50] who reported that among the individual
methods of natural attenuation, biostimulation, and
bioaugmentation that were used for the remediation of a
soil contaminated by diesel oil, bioaugmentation method
elicited higher diesel oil degradation than others. In
contrast, other workers have shown that biostimulation
strategy enhanced the bioremediation of kerosene
contaminated soil [34,47], crude oil contaminated soil [51],
spent engine oil contaminated soil [49] and lubricating oil
contaminated soil [45] than bioaugmentation. Generally,
in this work, the combination of biostimulation and
bioaugmentation treatment strategy (which have not been
reported for naphthalene removal) showed relatively
greater naphthalene reduction than other treatments during
the whole period of remediation. A similar observation
has been reported for kerosene [34]. An insignificant
reduction in naphthalene concentration was observed in
control setup. This reduction may be due to combined
effects of abiotic degradation of naphthalene and
volatilization losses. A similar observation has been
reported for kerosene [34,47].

106, 2.6 × 106, 2.3 × 106, and 3.3 ×106 CFU/g of soil was
observed respectively at the start of remediation for
natural attenuation, biostimulation, bioaugmentation, and
combined biostimulation and bioaugmentation treatments,
as shown in Figure 2. This indicated that in the soil, the
addition of preselected bacteria (bioaugmentation) and
nutrients (biostimulation) resulted in the highest number
of bacteria at the beginning of remediation compared to
natural attenuation (or bioattenuation). The lower bacteria
population in natural attenuation treatment may be due to
the presence of low nutrients and the disturbance of
nutrient ratio especially of NPK that is needed in the
correct ratio for bacteria growth. As seen from Figure 2, a
maximum bacterial population of 5.9 × 106, 9.9 × 106, 13
× 106, and 15.9 × 106 CFU/g of soil was respectively
obtained under natural attenuation, biostimulation,
bioaugmentation, and combined biostimulation and
bioaugmentation treatment strategies at the end of the
fourth week (day 28) of remediation.

Figure 2. Time course for the growth of total hydrocarbon degrading
bacteria (THDB) on naphthalene under (a) natural attenuation, (b)
biostimulation, (c) bioaugmentation, and (d) combined biostimulation
and bioaugmentation. Bars indicate the average of triplicate samples
while the error bars show the standard deviation

3.2. Biodegradation Kinetics and Half-life
First-order kinetics model equation (Eq. 2) fitted to the
biodegradation data (Figure 3) was used to determine the
rate of naphthalene biodegradation in the soil treated
through
application
of
natural
attenuation,
bioaugmentation,
biostimulation,
and
combined
biostimulation and bioaugmentation, respectively.
The values of the rate constants obtained from fitting of
the model are presented in Table 2.
The results in Table 2 as indicated by the high

Figure 1. Time course for the biodegradation of naphthalene under (a)
natural attenuation, (b) biostimulation, (c) bioaugmentation, and (d)
combined biostimulation and bioaugmentation. Bars indicate the average
of triplicate samples while the error bars show the standard deviation

Figure 2 shows the growth profile of the hydrocarbon
degrading bacterial population in the soil. An initial
hydrocarbon-degrading bacterial population of about 2.4 ×

correlation determination ( R 2 ) showed that the
biodegradation of naphthalene fitted well to the first-order
kinetic model. The half-life time of naphthalene
biodegradation was calculated using Eq. (4). 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 is the
biodegradation rate constants, the higher or faster is the
rate of biodegradation and consequently the lower is the
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half-life time. Table 2 shows that the biodegradation of
naphthalene in soil under combined biostimulation and
bioaugmentation treatment strategy had a higher k (0.064
day-1) and lower t1/2 (10.8 days) than that under
bioaugmentation ( k = 0.050 day-1 and t1/2 = 13.9 days),
biostimulation ( k = 0.041 day-1 and t1/2 = 16.9 days), and
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natural attenuation ( k = 0.020 day-1 and t1/2 = 34.7 days),
respectively. Therefore, value of the kinetic parameter
showed that the degree of effectiveness of these
bioremediation strategies in the cleanup of soil
contaminated with naphthalene is in the following order:
bioattenuation < biostimulation < bioaugmentation <
combined biostimulation and bioaugmentation.

2
Table 2. First-Order Kinetic Equation with Correlation Determination ( R ) Results of Naphthalene Biodegradation Under Different
Bioremediation Methods
Bioremediation Methods

First-Order Kinetic Equation

Biostimulation

C
C
C
C

Bioaugmentation
Combined Biostimulation and Bioaugmentation
Natural Attenuation

k

(day-1)

R2

t1/2

(days)

=
−0.041t + 3.616
0.050
0.978
13.9
=
−0.050t + 3.590
0.064
0.984
10.8
=
−0.064t + 3.580
0.020
0.979
34.7
=
−0.020 + 3.652
severally sought bioremediation strategies of remediating
natural ecosystem (environment) contaminated with
petroleum hydrocarbons.
0.040

0.966

16.9
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