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1. Introduction

The contamination of soil by crude oil and petroleum-based products has become a serious problem that
represents a global concern for the potential consequences on the ecosystem and human health. There are
many methods for the removal of these pollutants from soils. They involve both physico-chemical and
biological approaches. The oxidants widely used for soil remediation include Fenton’s reagent, ozone, and
permanganate. Ozone is a very strong oxidizer (Eh=-2.07V). The decomposition of ozone produces free
radicals, such as the hydroxyl radical, which is non-selective and a more powerful oxidant than ozone itself.
Moreover, ozone that has not reacted reverts back to atmospheric oxygen and therefore no toxic residues of
the oxidant remain in the soil.

2. Materials and methods
2.1. Experimental setup

This research was conducted at a laboratory scale using a Plexiglas reactor with a circular cross-section
with an internal diameter of 2.5cm and a height of 60cm. The schematic sketch of the system is shown in Fig. 1.
The oxygen cylinder and ozone generator (ARDA-COG 5S, Tehran, Iran) with a nominal capacity of 5gozone/h
were used to produce ozone gas from pure and dry oxygen. A BMT-964 ozone analyzer, Stahnsdorf, Germany,
was used to measure ozone concentration. The regulator was responsible for adjusting the inlet gas pressure
(1 bar), and a rotameter was also supplied to measure the volume of gaseous ozone injected into the column.
In order to prevent the release of gaseous ozone into the environment, the outflow stream was passed through
approximately 1 L of 2% KI solution.

Soil Column

K Solution

Flowmeter

Fig. 1. Schematic sketch of the ozonation system
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2.2. Sample preparation

For the soil to be contaminated homogeneously certain amount of diesel fuel was dissolved in 500ml of
laboratory acetone, and the soil was added to it under ventilation. Finally, after 72 hours, the acetone
evaporated, and the diesel fuel was stabilized on the soil.

2.3. Ozone retardation factor

The retardation factor, R, of gaseous ozone was calculated by equation (1), in which t is ozonation time, Cis
effluent ozone concentration, and C? is influent ozone concentration to the reactor. The subscripts t and nt
donating time in active and non-reactive reactors, respectively (Jung et al., 2005).

In general, the time taken to transpose ozone from the contaminated soil column is called “Retardation
Time”. The retardation factor, R, is equivalent to the ratio of the time required for ozone to cross the soil column
(active reactor) and the same time necessary for gaseous ozone to pass through the glass beads column (non-
reactive reactor).

The term “non-reactive reactor” refers to the column containing glass beads with the same granularity as
the used soil, and the “active reactor” is the column containing the contaminated soil.

_ Ja-c®/cdd

T J (-Cue(0/ R )
2.4. Energy required for ozonation of the soil
The Energy (E) required for soil ozonation was calculated according to (2).
GxC,xTxE
| = &Cos 03 (2)

m

Where G is the feed-gas flow rate (L mint); Cy, is the concentration of gaseous ozone in the feed-gas (gos L'1), T
is the treatment time (min); E, is the energy required for the production of 1 g of ozone (E(,=0.028 kWhg3);
and m is the soil mass (ton) (Goi and Viisimaa, 2015).

2.5. Experiments

In this study, the effect of gaseous ozone mass flow rate, moisture content, pH, and soil initial contamination
on the efficiency of soil ozonation was evaluated according to the variable listed in Table 1.

Table 1. The range of examined parameters

Variables Level 1 Level 2 Level 3 Level 4
0il pollutant concentration (mgpiesel/Kgsoil) 2000 4000 6000 8000
Water content (% wt.) 8 12 20 -
pH 5 7 9 11
Gaseous ozone mass flow rate (gozone/hr) 0.8 1.3 1.6 2.55

Since the pollutant used in this research is petroleum based product, Total Petroleum Hydrocarbon (TPH)
was used as an indicator for assessing the amount of diesel fuel reduction. An Infracal TOG/TPH Analyzer
(CVH), Wilks Enterprise, Inc., was used to measure TPH concentration.

3. Results and discussion
3.1. Effect of ozone mass flow on TPH removal efficiency

Soil contaminated with 4000mgpiesel/kgsoil With a moisture content of 12% wt. at neutral pH exposed to
different ozone concentrations in 30 minutes. The increase in ozone mass flow increases the efficiency of TPH
removal. Since the general purpose of this study is the ozone treatment of diesel fuel contaminated soil with
the highest efficacy, the maximum ozone mass flow rate (2.55gozone/hr) was selected for further experiments.
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3.2. Optimized pH

Based on the results of the maximum removal efficiency, TPH has occurred in acidic and neutral pH. Also,
with a significant increase in pH to a value of 11, an increase in removal efficiency is observed.

In general, gaseous ozone, depending on the pH of the environment, can react with pollutants in the soil
either directly or indirectly; in acidic and neutral pHs, the main reaction is the direct destruction of
hydrocarbons (Haapea and Tuhkanen, 2006). Ozone molecules penetrate soil cavities and react directly with
the pollutants and oxidize them. Gaseous ozone also decomposes into unstable secondary oxidant compounds
such as hydroxyl (HOe), superoxide (O-z¢), and ozonide (O-3¢) that are much stronger than ozone molecules in
alkaline condition (Yu, et al., 2007). Subsequently, these radicals react as secondary oxidants with pollutants
in the soil and decompose them (indirect process).

Finally, by comparing the efficiency of removal of TPH from the soil at the optimal time of the ozonation
process (30min), the slight difference in TPH removal efficiency for pH 7 and 11, as well as considering the
costs and difficulty of soil pH change, neutral pH as optimum pH was selected for ozone treatment of diesel
polluted soil.

3.3. Effect of the water content of the soil on TPH removal efficiency

According to the results of the research, the water content, by forming a thin film on the soil particles,
prevents the effective penetration of gaseous ozone and reduces the contact between the ozone and the
pollutant (Gan et al,, 2009). Reducing the moisture content of the soil from 20 %wt. to 12 %wt. resulted in a
significant increase in removal efficiency. However, the increase in removal efficiency was not noticeable, with
a further decrease in moisture content (8 %wt.).

3.4. Effect of the initial concentration of oil on removal efficiency

In this step, four soil samples with initial concentrations of 2000, 4000, 6000 and 8000mgpjese/kgsoi With a
moisture content of 8 %wt. and neutral pH were exposed to gaseous ozone with a mass flow rate of
2.5580z0ne/hr. Increasing concentrations of pollutants in the soil, from 2000 to 4000mgpiesel/kgsoi;, the removal
efficiency of TPH increased, but the further increase in the concentration of pollutants did not have a significant
effect on the TPH removal efficiency.

3.5. Gaseous ozone retardation in the soil column

In the early minutes of the reaction, due to the high concentrations of organic matter and the rapid reaction
of ozone with them, the amount of effluent ozone is low. Over time, following the removal of organic pollutants
from the soil and the accumulation of severely degradable compounds, ozone reactions are reduced and the
relative concentration of ozone from the reactor (C/C?) increases.

The maximum ozone retardation time is related to the optimal mode (8000mgpiesel/Kgsoi, moisture content
of 8%wt., 30 minutes ozonation with 2.55go,0ne/hr flow mass at neutral pH). In this case, due to the high
concentration of pollutants and the relatively low moisture content of the soil, gaseous ozone transfer to the
soil column slowly, and ozone remains longer in the soil column.

3.6. Ozonation process cost estimation

According to equation (2), the amount of energy required for soil ozonation in optimum condition obtained
from experiments (8000mgpiesel/Kgsoil, moisture content of 8%wt.,, 30 minutes ozonation with 2.55gozone/hr
flow mass at neutral pH) is equal to 0.0652 kWh. In this case, the flow rate of the inlet oxygen was 1.1 (L min-
1) and the energy required to produce 1 gram of ozone equal to 0.028 kWh. Also, considering the average
electricity cost in the manufacturing sector (industry and mining) 790 Iranian Rials per kilowatt-hour, the cost
of energy consumed during the ozone treatment of each kilogram of diesel fuel contaminated in the optimal
conditions is evaluated 52 Iranian Rials in 2018.

4. Conclusions

The purpose of this study was to investigate the effect of different factors on the treatment of the diesel-
contaminated soil using the ozonation method. In this study, ozonation of soil contaminated with diesel fuel at
different pH of 5, 7, 9 and 11, three different moisture content and four different levels of primary
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contamination in the laboratory scale was investigated. The results indicate that moisture content and pH are
two factors that affect contaminated soil ozonation efficiency. Under the operating conditions, increasing the
mass flow rate as well as the ozone contact time with the soil has increased ozonation efficiency.

Finally, 84% reduction in Total Petroleum Hydrocarbons (TPH) levels from diesel-contaminated soil was
achieved in soil with diesel fuel concentration of 8000mgpiesel/kgsqi, moisture content of 8 %wt. and neutral pH
after 30 minutes ozonation with the mass flow rate of 2.55go.0ne/hr in sandy soil. Moreover, the cost of energy
used for ozone treatment of each kilogram of diesel contaminated soil, in optimal conditions for conducting
experiments, will be about 52 Iranian Rials in 2018.
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