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Abstract

This study reports the effect of water content variation on the rate of Total Petroleum Hydrocarbon (TPH) removal
from a contaminated soil. For this purpose, four samples of the soil with weight of 2 kg were placed in identical
beakers. The initial TPH content of the soil sample was 60 g kg-1, and the initial moisture content of the samples was
adjusted to 60% of the field water holding capacity of the soil. The process of bioremediation was started by nutrient
addition and inoculation of TPH degrading microorganisms to the soil. The water content of the samples was
restored to the initial value intermittently by water addition. The frequency of water restoration, however, was
different for the samples. For the first sample water was restored every two days, for the second sample every four
days, for the third sample every 8 days, and finally for the fourth sample every 12 days. The process was continued
for 90 days. Microbial counting showed that the number of total heterotrophic bacterial, and TPH degraders were
increased significantly in all soil samples. Quantification of TPH residual in soil showed significant difference
between the soil samples. For the soil sample with 2 day water restoration pattern, the TPH content decreased from
60 to 18.6 g kg-1. For other samples the degradation was significantly lower. For the soil sample with 12 day water
restoration pattern the TPH content decreased from 60 to 42 g kg-1 during the process. A model was developed to
predict moisture variation and TPH removal form the soil as a function of time. The model predicted the experimental
reasonably well.
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Introduction
Contamination of soil with hydrocarbons has become one of the

most serious environmental problems. Accidental spillage, improper
disposal of oily sludge, and leakage from storage tanks are some causes
of soil contamination. The presence of hydrocarbons in soil has
adverse environmental consequences. Pollutants damage agricultural
productivity of the soil, and can find their ways to subsurface waters
[1]. Exploiting the capability of microorganisms to degrade pollutants
in soil is a promising strategy. Many microbial species can use
hydrocarbons as the source of carbon and energy at the presence of a
suitable electron acceptor (usually oxygen), and sufficient moisture and
nutrients [2].

Natural attenuation of hydrocarbons in soil can be very long and
therefore intervention is required in order to accelerate natural
degradation of hydrocarbons in soil. Various ways have been examined
to enhance the rate of bioremediation in soil. Supplementing nutrients
(bio-stimulation), microorganisms (bio-augmentation) and/or a
combination of both have been recommended to accelerate the process
[3]. Aeration and adding bulking agents are other ways of enhancing
the bioremediation rate [4,5].

Moisture content of soil plays an important role in soil
bioremediation. Sufficient water should be presented in soil to support
microbial activities. Limited amounts of water in soil inhibit microbial

activity, while excessive water may fill pores in soil and create
resistance against the diffusion of oxygen toward microorganisms.
Thus, providing an optimal value of water content is very important in
soil for bioremediation. Previous research work has shown that the
microbial activity is maximum in soil when the water content of the
soil is 60% of its water holding capacity [6]. Water evaporation from
soil is unavoidable during bioremediation. Deviation of the soil water
content from its optimum value affects bioremediation significantly.
The aim of this study is to evaluate the effect of water content change
on the amount of gasoil removal from a contaminated soil.

Materials and Methods

Soil
A sandy clay soil was used in the experiments. It consisted of 35%

clay, 45% fine sand, and 20% silt. The nitrogen and phosphorus content
of the soil were 360 mg kg-1 and 102 mg kg-1, respectively. Soil pH was
7.8. The water holding capacity of the soil was determined to be 0.3 g
kg-1.

Microbial inoculation
An unidentified microbial culture with the ability of growing on

gasoil as the sole source of carbon and energy was inoculated to the
soil.
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Bioremediation
The soil was contaminated with gasoil (10% w w-1), and spread on

the floor for one week. After vaporization of the volatile fraction of the
gasoil, the soil was supplemented with ammonium sulfate and
potassium hydrogen phosphate to reach the approximate C/N/P ratio
of 100/10/1. 25 mL kg-1 of a trace element solution was added to the
soil. The composition of the trace element solution was (g L-1): ZnSO4:
0.068, H3BO3: 0.015, CuSO4: 0.006, NaMoO4: 0.07, MnCl2: 0.04.
Bioremediation experiments were performed in five identical
cylindrical beakers. Each beaker was filled with 2 kg of the
contaminated soil, and inoculated with 25 mL of the microbial culture.
Water was added to the level of 60% of the soil water holding capacity
(180 g kg-1). The beakers were kept under ambient temperature. The
temperature varied between 25 and 30°C. The changes in water content
(θ) of each beaker were determined at specified time intervals and
restored to its initial value of θInit=0.28 m3 m-3.

The time interval was different for each beaker. For the first beaker
(P1) the time interval was considered 2 days. For the second (P2), third
(P3), and forth (P4) beakers, the time intervals were 4, 8 and 12 days,
respectively. The fifth beaker (P5) served as the control without
microbial inoculation. The moisture content of soil in this beaker was
restored every 2 days. After water replenishment at each time interval,
the soil in beakers was manually blended. Each column had a
duplicate.

Gasoil extraction from the soil
The bioremediation process continued for 90 days. On days 0, 30,

60, and 90, the soil contents of the beakers were thoroughly blended,
and 2 g soil from each beaker was collected for gasoil extraction. The
extraction was performed in a Soxhlet extractor using 280 mL
chloroform as the extractant for 12 hours. After extraction, chloroform
was evaporated and separated from gasoil under slight vacuum. All
samples were extracted under similar conditions.

GC analysis for TPH quantification
The amount of TPH was quantified by GC analysis of extracted

samples. The gas chromatograph was equipped with a 5%
MetildicareRtx-5 MS capillary column. Helium served as the carrier
gas with the flow rate of 10 mL min-1. The initial column temperature
was 50°C. The temperature increased at the rate of 30°C min-1 to the
final temperature of 300°C and was maintained at this temperature for
1 min. The injection port and detector temperatures were 250°C and
300°C, respectively. All extracted samples were dissolved in chloroform
and injected to the gas chromatograph under the same conditions. The
biodegradation was quantified by comparing the total surface area of
the chromatogram of the samples with the total surface area of the
chromatogram of the sample extracted on day zero.

Quantification of the microbial growth
The growth of hydrocarbon degrading microorganisms was

quantified by culturing soil samples on Bushnell-Hass agar. On days 0
(before inoculation), 18, 38, 58 and 80, a soil suspension was prepared
by mixing 5 g of the soil in each beaker with 50 mL distilled water. A
10-fold serial dilution was carried out. The suspensions were
inoculated to Bushnell-Hass agar containing plates. The plates were
incubated at 30°C for 4 days. The number of colonies was counted by a
standard procedure [7].

Model development
Following assumptions were used to model the process of soil

bioremediation:

The soil is a pseudo-homogenous phase.

The soil is mixed regularly and therefore spatial variation is ignored.

The rate of water evaporation from the soil surface is proportional
to the moisture content of the soil at the surface. Eq. 1 was used to
estimate the water content variation in the soil.

The lower boundary condition is controlled by free drainage and the
upper boundary condition by evaporation rate.

The rate of TPH biodegradation is a function of TPH concentration
in the soil and follows a first order rate equation.

The constant in rate equation (Eq. 2) is affected by the soil moisture
content. Below a specific value of moisture, the constant is zero, and
above an optimum value the constant holds a maximum value.
Between these two critical values the constant is affected linearly by the
moisture content of the soil.

Water content and TPH concentration are the only factors affecting
the biodegradation rate.

Based on the above assumptions the governing equations are
obtained as follows:

ν dθ/dt=qin-qout (1)

qin=0 (2)

qout=APET (θ-θr/θsat-θr) (3)

Where, ν=volume of the beaker, θ=water content, q=volumetric
flow rate of water, A=surface of the beaker, PET=potential evaporation
which was constant during the experiment at 0.00495 m day-1,
θr=residual water content, θsat=saturation water content.

For the sandy clay soil texture:

θr=0.07, θsat=0.44 [8]

Mass balance equation for TPH in the soil:

dCTPH/dt=kBf(θ)CTPH (4)

CTPH (0)=CTPH0 (5)

Where, CTPH=concentration of gasoil in the soil, kB=adjustable
parameter, f(θ)=an empirical relation which has been defined in Eq 6:

f(θ)=(θ-θr/θsat-θr) θr ≤ θ ≤ θsat (6)

f(θ)=1 θ>θsat

f(θ)=0 θ<θr

The set of equations were solved numerically, and the data from the
beaker with 12-day water restoration interval were used to adjust kB.
The model was verified by the data from other beakers.

Results and Discussion

Microbial population
The results of microbial count on Bushnell-Huss agar at time zero

showed the microbial population of 2 × 105 cfu kg-1. Successful
biodegradation of soil requires microbial population to be at least 106
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cfu kg-1 [9]. Therefore, soil needs bio-augmentation. Figure 1 shows
changes in hydrocarbon degrading microbial populations during the
experiment. In all soil samples the microbial population increased
considerably during the process. The rate of increase in population,
however, was higher in beakers with more frequent water restoration.

Figure 1: Microbial count on Bushnell-Huss agar during the
bioremediation process.

TPH degradation
Evaporation caused 40 ± 0.730% removal of gasoil during one week

when the soil was spread on the floor before bioremediation.
Therefore, the TPH content of the soil samples was 60 g kg-1 at the
beginning of the bioremediation process. The results of TPH
biodegradation are shown in Figure 2. The best result was for the
sample with two day water restoration interval. In this sample the TPH
content decreased to 18.6 g kg-1 during 90 days of the process. Water
content monitoring for this sample showed its water content decreased
from 0.288 to 0.251 m3 m-3 ± 0.29% in two days. For the sample with
four day water restoration interval (P2), the TPH content decreased to
22.8 g kg-1, and the soil water content varied between 0.288 to 0.216
m3 m-3 ± 0.62% during the four day intervals. For the sample with 8
day water restoration period (P3), the TPH content of the soil
decreased to 28.8 g kg-1, and the soil water content varied between
0.288 to 0.187 m3 m-3 ± 0.21% during the 8 day intervals, and finally
for the sample with 12-day water restoration intervals, the TPH
content decreased to 42 g kg-1, and the soil water content varied
between 0.288 and 0.158 m3 m-3 ± 0.56% during the 12-day intervals.
The results of this study emphasize the importance of keeping the soil
water content near the optimum value. Large fluctuations in the soil
water content negatively affect the rate of TPH biodegradation in soil.
For the sample with no microbial inoculation and 2-day water
restoration interval (P5) the TPH degradation was considerably lower
than sample (P1) with identical water restoration pattern but with
microbial inoculation [10-12]. Therefore, inoculation of TPH
degrading microorganisms accelerates the rate of TPH degradation
considerably.

Figure 2: Gasoil biodegradation in the soil after three months.

Figure 3 shows the GC chromatogram of the extracted TPH form
the soil sample for initial gasoil. Figures 4-6 show the chromatograms
for the extracted TPH at the beginning of the process and at the end
for the samples with 2 and 12-day water restoration intervals. The first
peak in these chromatograms represents the extractant for TPH
(chloroform) [13,14]. The initial gasoil chromatogram shows many
peaks. The chromatogram for the extracted TPH from the soil at the
beginning of the process shows considerably lower number of peaks
compared to the initial gasoil due to the evaporation of light
components of the gasoil. The chromatogram of the extracted TPH
from the soil at the end of the process shows even lower number of
peaks indicating degradation of the gasoil components during the
bioremediation process.

Figure 3: GC chromatogram for the gasoil before addition to the
soil.
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Figure 4: GC chromatogram for the extracted TPH from soil at the
beginning of the process.

Figure 5: GC chromatogram for the extracted TPH from P1 after
three months.

Figure 7 shows the results of model calibration for the
determination of kB using the experimental data of the beaker with 12-
day water restoration intervals. The value of 0.0059 day-1 gave
minimum deviations of the experimental results and model
predictions [15,16]. The calibrated model was used to simulate the
bioremediation in the beaker with 2-day water restoration interval.
Figure 8 shows the results which indicate reasonable accuracy of the
model to predict bioremediation in soil. The model can also simulate
the variation in water content during the process. Figures 9 and 10
show the experimental data and model simulation for water content in
two of the beakers (P1 and P4).

Figure 6: GC chromatogram for the extracted TPH from P4 after
three months.

Figure 7: Comparison of model predictions (lines) with the
experimental data (symbols) for the beaker P4 (water adjustment in
12 day intervals).
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Figure 8: Comparison of model predictions (lines) with the
experimental data (symbols) for the beaker P1 (water adjustment in
2 day intervals).

Figure 9: Model predictions for water content variation with the
experimental data in beaker P1 (water adjustment in two day
intervals).

Figure 10: Model predictions for water content variation with the 
experimental data in beaker P4 (water adjustment in 12 day 
intervals).

Conclusion
From this research work it was concluded that keeping the moisture

content of soil at an optimum value is critically important for a
successful bioremediation process. Evaporation of water may be
compensated by intermittent addition of water to the soil during
bioremediation. The time interval between water additions affects the
performance of the bioremediation process. The results of this study
showed that adjusting the water content of a sandy clay soil to 60% of
its field capacity, and moisture adjustment in two day intervals is a
proper strategy to bioremediate the contaminated soil. It was also
concluded that the process of bioremediation in soil can be described
by a mechanistic model that incorporates a first order biodegradation
rate, a model for water evaporation from the soil, and an empirical
relation that accounts for the effect of moisture content on the rate of
biodegradation.
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