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a b s t r a c t

The effectiveness, viability and feasibility of applying Fenton reactants in treating soil contaminated with
automatic gas oil (AGO) was investigated ex-situ. Soil was simulated to achieve 10% contamination using
AGO (diesel) as the primary contaminant. Physicochemical properties and heavy metal contents were
characterized using standard analytical methods, while total petroleum hydrocarbon (TPH) content was
determined by molecular spectroscopy. An investigation of the soil physicochemical properties shows
severe impact of the contaminant on pH, conductivity, phosphorus and (TPH) content. The optimum
concentration of Fenton reactants determined from the optimization study was found to be 350,000 ppm
H2O2 and 600 ppm FeSO4 at optimum room temperature range of 27e30 �C and optimum pH of 4.7. The
highly exothermic Fenton oxidation treatment resulted in significant decrease in TPH content by 87.6%
after 6 h of periodic monitoring; breaking down the hydrocarbons into non-toxic environmental friendly
products. Kinetics analysis and evaluation shows pseudo - first order mechanism for the Fenton treat-
ment with a calculated rate constant of 0.226 h-1 and half life of 3 h 4min. The Fenton method is found to
be very effective and efficient not only for the removal of the diesel contaminant, but also for the
restoration of lost physicochemical properties occasioned by the effect of the contaminant. The envi-
ronmental friendliness and fast response time towards effective clean up gives the technique a cutting
edge advantage over other conventional methods. It therefore presents potentials for remediation ex-
perts in outright applications on real field challenges.

© 2018 Southwest Petroleum University. Production and hosting by Elsevier B.V. on behalf of KeAi
Communications Co., Ltd. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The problems of hydrocarbon pollution on the environment are
still ongoing; as such recent researches are geared towards
addressing this menace. Apart from the deleterious effect of total
petroleum hydrocarbon in crude oil and its refined products such as
premium motor spirit (PMS), domestic purpose kerosene (DPK),
and automatic gas oil (diesel) among others on soils, disturbing

presence of heavy metals have also been associated with soil
contaminated with hydrocarbons; as emphasized in the report of
Akpoveta et al. [1]. Therefore it is an environmental challenge that
requires in-depth investigation on environmentally compatibility
and friendly techniques that could present the potentiality of
tackling this problem. Although, the use of oxidizing agents have
been recommended in literature [2e4], very scanty reports have
been associated with the application of Fenton reagents in the
treatment of hydrocarbon contaminated soils. Fenton reagents
have been found to be environmentally compatible because of the
environmental friendliness of its composition. Ferrous sulphate is
an environmental friendly salt which is widely employed in regu-
lating soil pH and other agricultural purposes, such as balancing
iron unavailability in soils. On the other hand, hydrogen peroxide
has a favorable feature since it breaks down into water and oxygen
in the environment so does not produce any toxic left over prod-
ucts. The application of In-situ oxidation technique can be done by
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introducing the oxidant into the area of contamination which
produces a reductive environment such that the migration of the
contaminants through the reduced zone reductively degrades
them; thereby converting them directly to carbon (IV) oxide and
water or innocuous compounds [6,7].

The effectiveness, viability and feasibility of applying Fenton
reagents in treating soils contaminated with automatic gas oil
(AGO) necessitates the imperativeness of this research. The time
efficiency of this technique brings out the need for a detailed ki-
netics investigation. Optimum conditions using this technique has
been previously established from optimization studies in the
treatment of unrefined petroleum oil (Crude oil) as reported by
Akpoveta [2]; however, optimization studies for the treatment
herein is deemed necessary since the contaminant is different. This
view is corroborated by the assertions of [4,6] where they posited
that the optimum dosages of H2O2, iron catalyst and consequently
H2O2/Fe ratio are critical operational issues in Fenton oxidation. In
various studies, a range of concentrations and molar ratios are
introduced as optimum conditions. The principal reasons for this
variation can arise from the type of pollutant, contaminant con-
centration, reaction time, age of pollution and the inorganic and
organic characteristics of soil [6]. As a consequence, the use of
Fenton reagents, consisting of ferrous sulphate and hydrogen
peroxide is explored for this study in order to establish the effec-
tiveness and efficiency of the technique, optimum clean up condi-
tions, as well ascertaining its suitability for large scale field
application.

2. Materials and methods

2.1. Materials and sampling

Soil used was obtained from a fallow land with no known hy-
drocarbon pollution history in Agbor, Delta State, South-South
Nigeria. This was ascertained by checking the soil for its total pe-
troleum hydrocarbon content prior to simulation. The soil sampling
location lies within the coordinates of longitude 6�051 N to 6�161 N
and latitude 6�071 E to 6�121 E of the equator. Soil samples were
collected with a soil auger at surface depth of 0e15 cm. Automatic
gas oil (AGO) commonly known as diesel with specific gravity of
0.845 g/cm3 was obtained from a recognized major petroleum
marketer (Oando) in Agbor, Delta State, Nigeria. Reagents used such
as hydrogen peroxide, iron (II) sulphate hexane and nitric acid were
purchased from a recognized reagent dealer, Accon Scientific/Lab-
oratory equipments.

2.2. Soil simulation and sample preparation

Soil used was air dried for a period of one week in a clean well
ventilated laboratory, homogenized by grinding, and sieved
through a 2 mm mesh size. 1 kg of the soil was measured into a
clean dry plastic container and moistened to 20% water holding
capacity with distilled water to ensure proper mixing with the
contaminant. Simulation of the soil sample was done by measuring
100 g of diesel (AGO) corresponding to 118.34mL from gravimetric
measurement into a container containing 1 kg of soil. The mixture
was thoroughly mixed to achieve a 10% artificial contamination.

2.3. Physicochemical analysis

Physicochemical characteristics such as soil texture, pH, total
organic carbon, total organic matter, total nitrogen, total phos-
phorus, soil conductivity, total petroleum hydrocarbon and heavy
metals (V, Pb Ni, Cd, Cr) were determined before contamination,
after contamination and at the end of the remediation process.

Standard methods for soil analysis by Rayment and Lyon [7] were
adopted.

2.4. Optimization studies

Optimization studies were carried out to establish the optimum
concentrations of Fenton reactants suitable for effective remedia-
tion as well as the optimum wavelength for spectrophotometric
determination of total petroleum hydrocarbon as diesel (AGO).
Optimum temperature and pH for the remediation process were
also ascertained.

2.5. Optimization of Fenton reactant concentrations and
preparation of treatment solution

Hydrogen peroxide and iron (II) sulphate were used for the
remediation of diesel (AGO) contaminated soil. Different concen-
trations ranging from 15% to 50%, corresponding to between
150,000 ppm and 500,000 ppm of hydrogen peroxide were pre-
pared and individually used with a fixed concentration of 300 ppm
for iron (II) sulphate, in order to obtain the optimum concentration
of hydrogen peroxide suitable for the treatment of diesel (AGO)
contaminated soil. The optimum concentration of iron (II) sulphate
was obtained by preparing different concentrations within con-
centration ranges of between 0.01% and 0.07%, corresponding to
between 100 ppm and 700 ppm, and thereafter applying the indi-
vidual concentrations with the optimum concentration of
hydrogen peroxide obtained on the contaminated soil. The reme-
diation efficiencies of the different Fenton reactant concentrations
were determined by measuring the contaminant removal rates and
the optimum concentrations of Fenton reactants obtained from the
maximum peak observed in the optimization plots of percent
remediation against Fenton reactants concentrations. The estab-
lished optimum concentrations were subsequently applied in pre-
paring the treatment solutions for the remediation process. The
treatment solution was prepared in ratio of a 1:5 of iron (II) sul-
phate to hydrogen peroxide.

2.6. Optimization of wavelength, temperature and pH

Optimum wavelength for the spectrophotometric determina-
tion of total petroleum hydrocarbon (TPH) as diesel (AGO) was
obtained using the method reported by Akpoveta [6].

Room temperature was the optimum temperature adopted
because of the thermodynamic requirement of the process. Soil pH
on contamination was the optimum pH adopted for the study.

2.7. Total petroleum hydrocarbon analysis and kinetic studies

Total petroleum hydrocarbon as diesel (AGO) in the soil was
extracted using hexane and analyzed by molecular spectropho-
tometry following standard procedure adopted by Wang et al. [8],
with slight novel modification of drying the wet extracts with
anhydrous sodium sulphate so as to avoid unnecessary interference
of impurities. The absorbance was read at a wavelength of 350 nm
where more stable readings were practically observed using a UV/
Visible spectrophotometer. Total petroleum hydrocarbon was
analyzed at hourly intervals for 6 h during the remediation period.

3. Experimental control

Control soil sample was analyzed prior to simulation to ascer-
tain background level of possible total petroleum hydrocarbon
contamination. Soil simulated with diesel was left untreated for the
same time the treated soil was subjected to in order to serve as a
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control to ascertainwhether the hydrocarbon removal was actually
due to the treatment technique applied.

3.1. Quality assurance and statistical treatment

All reagents employed were checked for possibility of trace
metal contamination and were all of pure analytical grade. Possible
entrained metals and reagents contamination in glass wares were
removed by soaking in 15% nitric acid (v/v) for 24 h, washing
thoroughly with detergents thereafter and rinsed with deionized
water. The occurrences of determinate errors were reduced by
conducting blank runs on the spectrophotometric instrument.
Wavelengths were optimized to ensure accuracy and stability in
spectrophotometric readings. The reliability of the analytical in-
strument was ascertained by running spiked samples of known
standards and analyzing at working intervals. Replicate samples
were prepared and analyzed in triplicate for statistical evaluation.
Standard deviation, relative standard deviation and coefficient of
variation (CV) calculations were used to checkmate indeterminate
(random) error.

4. Results and discussion

4.1. Soil physicochemical properties

The Results from physicochemical characterization of soil before
contamination, after contamination and after the remediation
process are shown in Table 1.

Soil pH, conductivity and phosphorus content show decreases
from 6.3, 196.8 uS/cm and 6.4mg/kg in the soil to 4.7, 11.30 uS/cm
and 5.34mg/kg respectively in the diesel (AGO) contaminated soil
as presented in Table 1. The reduction in pH implies increased
acidity on contamination, which is due to the acidic influence of
diesel on the soil moisture. A reduction in conductivity value in the
diesel contaminated soil shows the effect of reduced ionic mobility
consequent on a non-polar environment provided by the hydro-
carbon on the soil. This reduced pH and conductivity on contami-
nation agrees with the findings of Osuji and Nwoye [9], Molindo
et al. [10], and Akpoveta et al. [1,11], where increased acidity and
reduced conductivity has been reportedly associated with hydro-
carbon contamination on soil. Increase in pH (6.0) and conductivity
(187.8 uS/cm) is seen after treatment (Table 1), which is due to the
removal of the contaminant which hitherto influenced the soil
acidity and hindered ionic movement. This is consistent with the
findings of Akpoveta et al. [12], where such soil quality parameters
improved on treating crude oil contaminated soil with a biode-
gradable surfactant. Possible complexation of soil phosphorus by

organic bound fractions on introduction of diesel on the soil could
likely be responsible for its observed decrease. A further decrease in
phosphorus content (2.47mg/kg) after treatment is likely as a
result of the oxidative effect on it, thereby presenting a reduced
phosphorus form. Similar effect is seen in the reports of Akpoveta
et al., [2,12]. Increased soil acidity, reduced conductivity and
phosphorus content are not good for agricultural soils as they
adversely reduce the soil quality for agricultural purposes. Organic
carbon and matter increase from 2.48% to 4.28% in the soil to 3.67%
and 6.33% in the contaminated soil respectively. The increasing
effect is due to exogenous input of carbonaceous matter from the
diesel (AGO) into the soil, due to its high carbonaceous content. This
is in agreement with the reports of Kisic et al. [13], and Akpoveta
et al. [2,12], where such was observed on kerosene and crude oil
contaminated soils. Organic carbon (2.39%) and matter (4.12%)
content reduces to values close to those seen in the uncontami-
nated soil after treatment (Table 1), apparently because of the likely
oxidation of the carbonaceous matter in the contaminated soil.
Although a slight increase is observed in nitrogen content on
contamination of the soil from 0.17 to 0.21mg/kg, such might not
be validly attributed to the contaminant effect as the increase is not
significant with the values lying in the same range. However, sig-
nificant increases (higher values) has been observed on crude and
kerosene contaminated as evident in the findings of Akpoveta et al.
[1,12], thus not completely ruling out the effect. Increased nitrogen
content of 1.25mg/kg is seen after treatment (Table 1), which is
likely not unconnected with the fact that the oxidation process
stimulated nitrification processes in the soil leading to increased
nitrogen content. Similar trend is evident in the findings of Akpo-
veta [2]. Characterization of the soil texture shows that the particle
size fractions (86.28e86.42% for sand, 1.35e1.41% for silt and
12.23e12.35% for clay) were all in the same range before contam-
ination, after contamination and treatment as presented in Table 1;
which indicates no effect of contaminant presence and treatment
on particle size fractions. Similar trend has been observed in the
reports of Akpoveta et al. [2,12], where crude and kerosene
contamination and treatment showed no effect on soil texture.
Slight reduction in metal concentration on contaminationwas seen
for cadmium (0.04mg/kg to 0.02mg/kg), nickel (0.52mg/kg to
0.44mg/kg) and vanadium (0.89mg/kg to 0.83mg/kg) as shown in
Table 1. Reduced metal content is likely due to less available form of
the metals on introduction of the contaminant. While chromium
had similar values in the same range (0.012mg/kg to 0.014mg/kg),
lead was all found to be< 0.001before and after contamination, and
after treatment (Table 1); which shows no attendant effect from the
contaminant and after treatment. However, further reduction in
concentration of cadmium (0.018mg/kg), nickel (0.160mg/kg) and

Table 1
Results from physicochemical characterization of soil before contamination, after contamination and after the remediation process.

Parameter Soil Contaminated soil Treated Contaminated Soil

pH 6.3± 0.10 4.7± 0.20 6.0± 0.1
Conductivity (uS/cm) 196.8± 0.20 113.0± 1.00 187.8± 0.1
Nitrogen (mg/kg) 0.17± 0.02 0.21± 0.01 1.25± 0.01
Phosphorus (mg/kg) 6.4± 0.25 5.35± 0.10 2.47± 0.02
Organic Carbon (%) 2.48± 0.01 3.67± 0.03 2.39± 0.01
Organic Matter (%) 4.28± 0.04 6.33± 0.02 4.12± 0.08
TPH 7.48± 0.02 1487.7± 2.26 178.7± 0.339
Lead (mg/kg) <0.001 <0.001 <0.001
Cadmium (mg/kg) 0.04± 0.01 0.02± 0.012 0.018± 0.001
Nickel (mg/kg) 0.52± 0.001 0.44± 0.002 0.160± 0.021
Vanadium (mg/kg) 0.89± 0.008 0.83± 0.003 0.451± 0.001
Chromium (mg/kg) 0.013± 0.001 0.014± 0.003 0.012± 0.002
% Sand 86.42± 0.01 86.31± 0.01 86.28± 0.01
% Silt 1.35± 0.02 1.41± 0.01 1.37± 0.02
% Clay 12.23± 0.01 12.28± 0.01 12.35± 0.02
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vanadium (0.451mg/kg) after treatment as seen in Table 1 reflects
the efficacy of the treatment technique. This reduction is likely due
to the oxidation of the metals into forms that are less available.
Similar metal reduction after treatment using same technique on
crude oil contaminated soil has been reported by Akpoveta [2]. The
metal values were all within the allowed range for normal soil
[14e16]. Statistical evaluation of the data in Table 1 supports the
premise of these findings, as there was significance at p< 0.05 (95%
confidence limit) for pH, conductivity and phosphorus. This sta-
tistically supports the view that diesel contamination adversely
affected the aforementioned soil physicochemical parameters, with
the treatment technique showing potential in ameliorating the
effect on these soil qualities (see Fig. 1).

An optimum concentration of 600 ppm FeSO4 corresponding to
78.87% diesel (AGO) removal yield was found from the optimization
process, while an optimum concentration of 350,000 ppm H2O2
corresponding to 78.87% diesel removal yield with their optimi-
zation plots represented in Figs. 1e2. The optimum FeSO4/H2O2
concentrations obtained are found to be higher than corresponding
values reported by Sahand et al. [4]; Sun and Yan [17], for the
treatment of pyrene contaminated soil using advance modified
Fenton oxidation. However, the treatment solution prepared in a
1:5 ratio of FeSO4 and H2O2 is in agreement with further related
studies Sahand et al. [4]; Moon et al. [18] where H2O2/Fe2þ molar
ratios of 5e25 were similarly reported as the optimum values. In
the present study, TPH removal increased at higher H2O2 and FeSO4
concentrations, but no significant clean up improvement was
observed at concentrations beyond 350,000 ppm and 600 ppm for
H2O2 and FeSO4 concentration respectively. A similar trend was
seen in the report of Sahand et al. [4], where considerable
improvement in pyrene removal did not go beyond the optimum
concentrations determined.

The pH of the soil on contamination which is 4.7 as seen in
Table 1 was the optimum pH used for the treatment since it fell
within the optimum pH range, thus satisfying the pH requirement
of the soil. Optimum pH has been reported to be in the range of 3e5
[2,6], as high pH above neutrality cause the iron to precipitate as
Fe(OH)3 which decomposes the H2O2 to oxygen; while at very low
pH (<2.5), lower amount of hydroxyl radicals are produced thus
decreasing the system efficiency [4,5]. The low pH required for
conventional Fenton oxidation clean up is a major challenge in full
scale field applications, except for soils that falls within such
geological pH characteristics as seen in the soil type used in this
study.

Room temperature was presumably the optimum temperature
for the process and hence used for the treatment process, since the
Fenton oxidation is an exothermic process and high temperature
will limits its efficacy. Much lower temperatures will likely reduce
the solubility of the ferrous salt thereby impeding the Fenton

reaction and limiting its effectiveness.

4.2. Fenton oxidative treatment and its kinetics

Total petroleum hydrocarbon (TPH) as diesel (AGO) increase
significantly on 10% simulation of the soil with diesel from 7.48mg/
kg in the uncontaminated soil to 1487.7mg/kg in the contaminated
soil as seen in Table 1. This significant increase of about 19,889% in
TPH content shows the severe pollution impact and contamination
load on subjecting the soil to ten percent simulation. On application
of the Fenton reactants to the contaminated soil after 6 h the total
petroleum hydrocarbon content as diesel (AGO) decreases sub-
stantially accounting for an 87.6% TPH reduction. This shows near
complete oxidation of TPH by the hydroxyl radicals generated by
the Fenton reaction, which breaks down the hydrocarbons into
non-toxic environmental friendly products such as carbon (IV)
oxide and water. The time efficiency of 6 h seen in this study agrees
with a 6 h pyrene removal efficiency using modified Fenton
oxidation as reported by Sahand et al., [4]. However the percentage
TPH removal of 87.6% recorded in this study is seen to be slightly
lower than that reported for pyrene [4]. The non-deleterious nature
of the substances used as the Fenton reactants makes the technique
environmentally suitable and ecologically compatible.

The experimental control shows no significant TPH reduction
when left for the same treatment period without application of
Fenton treatment, as a minimal 1.7% reduction (1487.7mg/kg to
1462.4mg/kg) is observed due to vaporization. This confirms the
fact that the 87.6% TPH reduction observed actually results from the
treatment process. Significant correlation between TPH and time at
P< 0.05 (2-tailed) from correlation statistics further supports the
observed substantial decrease in TPH with time. Kinetics analysis
gave a linear plot of natural logarithm of C [Mean TPH0/TPHt]
against time as presented in Table 2 and displayed in Fig. 3, which
indicates that the treatment follows pseudo - first order kinetics.

The exponential curve obtained is depicted in Fig. 4. The

Fig. 1. Optimization plot of TPH removal rate (% decrease) as a function of FeSO4

concentrations.

Fig. 2. Optimization plot of TPH removal rate (% decrease) as a function of H2O2

concentrations.

Table 2
Rate of total petroleum hydrocarbon (TPH) removal with time for the treatment of
diesel (AGO) contaminated soil.

Time
(hours)

aTPH Ln C¼Mean
[TPH]0/[TPH]t

% Decrease

0 1487.7± 2.257 0
1 697.14± 1.363 0.758 53.14
2 314.35± 0.579 1.555 78.87
3 312.27± 0.573 1.561 79.01
4 258.56± 0.472 1.750 82.62
5 216.91± 0.396 1.926 85.42
6 184.77± 0.339 2.086 87.58

a Mean of triplicate reading± standard deviation.
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linearity in the pseudo - first order kinetics graph satisfies the
conditions and features of a pseudo - first order kinetics when
compared to the other kinetics models tested.

The pseudo - first order kinetics mechanism implies that the
oxidation rate of the contaminant depends only on the TPH con-
centration and independent on the concentration of Fenton re-
actants, since it was in excess and thus relatively constant
throughout the treatment. The rate constant of 0.226 h-1 was ob-
tained for the treated-diesel contaminated soil with a half life (t1/2)
of 3 h 4min. The observed pseudo - first order kinetics agrees with
similar pseudo first ordermechanism reported for Fenton oxidation
of PAHs [19], Fenton oxidation for pyrene, anthracene and phen-
anthrene removal in soil [4,6] and Fenton oxidation for crude oil
removal in soil [2]. The observed rapid response treatment time
supports the efficiency of the treatment technique.

5. Conclusions

The use of Fenton oxidation technique in the clean-up of diesel
contaminated soil is feasible from the findings herein. The method
is found to be effective not only for the removal of the diesel
contaminant, but also for the restoration of lost physicochemical
properties occasioned by the effect of the contaminant; as seen in
pH, total phosphorus, nitrogen content and heavy metals. The

environmental friendliness and fast response time towards effec-
tive clean up gives the technique a cutting edge advantage over
other conventional methods. The established optimum clean up
conditions will further enrich existing data base for field applica-
tions by environmental remediation experts. It therefore presents
potentials for remediation experts in outright applications on real
field challenges.
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Fig. 4. Residual TPH concentration-time graph for the Fenton oxidation treatment
technique.
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