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Abstract

Today, biological and oxidative methods are frequently used to remediate oil-contaminated soils. Both
approaches have advantages and disadvantages in terms of speed, economy and environmental compatibility.

In the experiments carried out, an oxidation process was combined with a microbiological remediation approach.
The petroleum hydrocarbons (PHC) were degraded much faster and more efficiently than in the individual
applications. Within three months, 82% of the old PHC have been decomposed.

The soil was first treated with chemical oxidation, which destroyed 40% of the original PHC load in a short period
of time. Subsequently a treatment with microorganisms took place, which provided for the further degradation.

In addition to removing pollutants, a significantly improved microflora was observed in the treated substrate,
which is conducive to a sustainable restoration of the original soil.

The decontaminated soil can be used for agricultural purposes again within a short time.

Furthermore the method described provides a significant cost reduction compared with conventional treatment
approaches.
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Introduction
The rising demand for oil in the world economy leads to an increase

in oil production. While the volume of daily oil demand in 2009 was
84.3 million barrels per day, by 2019 it will have risen to 100.6 million
barrels [1]. The problem of soil pollution with oil and oil products is
one of the most challenging and pressing both in developed and
developing countries [2]. The cost for oil pollution disposal is high. For
instance, in the US, the cost of 1 liter spilled oil disposal could be about
$300 without taking into account any environmental impacts. Taking
into account the environmental damage and the socio-economic
consequences, the disposal price can reach $900 [3] per liter in order to
fully minimize all impacts. Mechanical, physical, chemical and
biological disposal methods are used to clean the soil from oil
pollution. Combined methods are often applied to increase the speed
of disposal and the efficiency of soil recovery. For example, the
combined use of chemical and biological methods allows the rapid and
effective removal of pollutants while restoring the physico-chemical
composition and biological diversity of contaminated soil. Thus, the
bioremediation of oil-polluted soils has found widespread application

worldwide. Depending on the task, there are various approaches to the
biological remediation of oil-contaminated soils: landfarming [4],
composting [5], use of bioreactors [6,7], bioventing/biosparging [8,9],
bioslurping [10], pump and treat strategy [11], biostimulation [12,13],
bioaugmentation [14].

Biological remediation is recognised for its optimal environmental
compatibility and is welcomed by regulatory authorities worldwide.
Biological methods often are the first choice, especially when a
recultivation of the contaminated soil is desired. They are more
environmentally friendly than most approaches, deliver sustainable
remediation results and create a balanced ecosystem. In many cases,
however, the possibilities of bioremediation are limited: For example, if
the pollutant is not bioavailable or if it is present in highly toxic
concentrations.

If biological remediation as the only measure is not an option, the
combination with a gentle chemical oxidation procedure is a
promising approach. In the first stage, the most toxic pollutants are
destroyed and at the same time the bioavailability of the remaining
contaminants is increased. Subsequently, active microorganisms are
used in the biological stage. These continue the degradation of the
pollutants and enable a sustainable recultivation process that lasts
without external influences. Where oxidation processes are applied in
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the first stage, the oxygen thus produced can be used by the aerobic
flora, which adds an additional advantage to the biological stage. There
are two known problems for such combined approaches: Biological
methods are usually slow. In addition, a second treatment stage usually
increased the costs. The desired solution is always a fast remediation at
a moderate price.

The purpose of this study was to examine the combination of an
oxidative and a biological process with regard to the factors efficiency,
speed and economic viability. The product Arvox, developed and
patented by the Swiss company Arva Greentech AG, was employed for
the oxidative stage. Arvox is used on an industrial scale for the
remediation of various soils and types of contamination. The
underlying reaction is a hydrogen peroxide-based solution with
catalysts and pH regulators. In the microbiological stage the products
Fermenstart and Biomax of the Azerbaijani company AgriBioEkoTex
were applied. The research provided is continuing in cooperation with
several scientific institutions in Germany (Technical Universities of
Berlin and Munich), Ukraine (V.N. Karazin Kharkiv National
University) and Azerbaijan (A. Guliyev Institute of Chemistry of
Additives, Azerbaijan National Academy of Science).

Materials and Methods
The Pilot test was carried out on the premises of the High

Technologies Park (Baku, Azerbaijan) under supervision and with the
participation of experts from the Institute of Soil Science and
Agricultural Chemistry of the National Academy of Sciences of the
Republic of Azerbaijan.

The experiment took place on an open field where two areas of 1.5
m × 2.5 m were specially prepared. The soil of one test field was
contaminated with aged petroleum hydrocarbons (PHC), the other
served as a control area. The contaminant concentration was 2%, the
contamination depth was 25 cm. Before starting treatment with the
oxidising agent, samples were taken from the site according to the
procedure [15] and the hydrocarbon composition was determined by
gas chromatography FID. This method of analysis was applied to all
samples. The pH value of the soil was measured at 6.8.

The oxidant was then evenly distributed on the test field and
ploughed in mechanically. The reagent was re-applied immediately
afterwards. After 7 days, samples were taken and the hydrocarbon
composition was determined. The soil’s pH value after the oxidative
treatment was 9.5.

At the next stage, the experimental site was bioremediated. Now,
contaminated and Arvox-treated soil was mixed with straw (5%) and
bio-compost (up to 20%) on each test site, and then Fermenstart
reagent (added 1:100) was added to prepare the substrate for the
introduction of bacteria. On the next step each test site was treated
with an aqueous solution of Biomax reagent (ratio 1:100) containing
active strains of microorganisms-biodestructors. The total amount of
Biomax solution used in the experiment was 150 liters. The solution
was applied once a week in equal amounts of 37.5 liters for 4 weeks.
The experimental fields were plowed and moistened twice a week. The
moisture content of the soil was maintained at 50% for 3 months. After
that, samples were taken and the soil's hydrocarbon composition was
determined by gas chromatography.

Results and Discussion
As described, the investigated remediation process is divided into a

chemical and a microbiological stage.

In the first stage, the Arvox reagent enters a chemical oxidation
reaction with the contaminant. The reaction itself occurs on the
surface of the smallest (colloidal) soil particles. By oxidizing the
contaminant, the Arvox reagent facilitates the work of
microorganisms, which in the course of their activity in the second
stage of the treatment train (bio stage) contribute to the accelerated
degradation of oil and oil products.

During the experiment, the soil pH values were monitored. After
oxidative pre-treatment, the pH value in the soil was 9.5, one week
after the start of the bio stage it was 8.4, two weeks later 7.2 and one
month later 6.5 (Figure 1).

Figure 1: pH variability through the 5 weeks of the experiment. It is
depicted how bio treatment restores the soil ’ s pH level after
chemical oxidation.

The change in pH values during the test indicates physico-chemical
processes taking place in the soil under the influence of the tested
reagents. As a result of oxidation, a significant increase in the pH value
can be observed. The use of bioreagents normalizes the pH value to the
level usual for unpolluted soil systems. This indicates the restoration of
physico-chemical parameters to the original level.

A significant elevation of total microbial number was observed
during the experiment (Figure 2). An initial increase was observed
after oxidative treatment, probably due to the rapid oxygenation of the
soil and the increase in partially destroyed hydrocarbons, which
immediately became much more bioavailable. The introduction of
Fermenstart and Biomax lead to significant increase in microbial
number, up to 1.4 × 108 CFU/g of the soil.
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Figure 2: Microbial number (CFU) variability through the 5 weeks
of the experiment. It is depicted how bio treatment elevates the
number of microorganisms; most of them are oil-destructor strains.

Together with pH normalization, these microbial indices speak for a
sustainable remediation process in which the combination treatment
very quickly produced biocenosis that promotes a continuous self-
cleaning process of the soil until its complete recovery (Figure 3).

Figure 3: GC curve of oily HC level in soil before Arvox treatment:
19600 ppm.

Such a result is important for large-scale use in commercial soil
remediation, as chemical oxidation in many cases leads to soil
degradation by salination [15]. These soils lost fertility after treatment,
could no longer be cultivated and in the worst case had to be excavated
and deposited. In view of the globally accepted concept of sustainable
remediation, the disposal of pollutants is generally not the desired
measure. The treatment technology should restore the soil to a
condition that comes as close as possible to its natural ground state.
The area treated in this experiment can therefore be seen as sustainably
restored (Figures 4 and 5).

The product Biomax used in this experiment has proven to be
suitable for further self-remediation of the treated soil. The preparation
combines the active cenosis of aerobic and anaerobic pollutant
destructor strains. This allows effective soil regeneration even without
active aeration.

Figure 4: GC curve of oily HC level in soil after Arvox treatment:
11950 ppm (HC conversion-39%).

Figure 5: GC curve of oily HC level in soil after Arvox+Bio
treatment: 3510 ppm (HC conversion-82%).

The use of chemical oxidation for the degradation of petroleum
hydrocarbons significantly accelerates the remediation process.
However, many chemical remediation approaches leave behind
reaction products that can be more harmful to the environment than
the original hydrocarbons.

Peroxide compounds under appropriate conditions do not lead to
the occurrence of harmful by-products or produce them only in such
small quantities that they are degraded during the subsequent
biological treatment. The combined method obviously allows not only
effective removal of pollutants, but also restoration of physical-
chemical and biological parameters. This approach can significantly
reduce the time and cost required to restore oil-contaminated soil.

As the experimental data show (Figure 6), the concentration of
petroleum hydrocarbons in the treated soil has decreased as follows
compared to the control area:

-39% after oxidative treatment;

-82% after the subsequent biological stage.
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Figure 6: Degradation of HC by Arvox+Bio combined technology
(according to GCMS data provided by analytical laboratory of
Ministry of Healthcare of Azerbaijan Republic).

We assume that with repeated use of chemical oxidation the already
high initial degradation of 39% could be further increased. As
mentioned above, however, the excessive use of oxidation often leads
to salination of the soil and contamination of the groundwater, as
excess amounts of chemicals with peroxide and reaction water
accumulate in the soil. In the case described, the bio-stage not only
enables additional pollutant degradation, but also the removal of
reaction residues in the soil system.

We conclude that chemical (oxidative) and biological remediation
processes complement each other and increase the efficiency of the
entire soil detoxification process.

Conclusions
• The joint (sequential) use of chemical oxidation with the product

Arvox (developed by Arva Greentech AG) and bioremediation with
the products Fermenstart and Biomax (developed by AgriBioEkoTex
LLC) enables rapid and significant degradation of petroleum
hydrocarbons in contaminated soils. In addition, the treatment
restores the original soil quality, which would not be possible in the
same period by using only one of the two methods.

• Under the influence of Arvox oxidative treatment hydrocarbon
compounds are converted into biodegradable end products which
rises their bioavailability, thus facilitates and accelerates their further
mineralization.

• The combined approach, implemented in the experimental section
of the High Technologies Park (Baku), demonstrated efficiency
comparable to that described for laboratory experiments, thus
confirming its accessibility for the real projects of soil rehabilitation.

• As mentioned above, the use of conventional remediation and
disposal methods can produce costs of up to $300 per 1 liter of
spilled oil. The combination of chemical oxidation and biological
treatment tested here costs about $150-170 for the same case.
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