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According to the European Environmental Agency, soil contamination 

requiring clean up is present at approximately 250,000 sites in the EEA member 

countries. And this number is expected to grow. The aim of this experimental 

investigation was to assess the feasibility of using electrochemical oxidation, an 

innovative technology, to degrade hydrocarbons from an artificially contaminated 

soil. Electrochemical oxidation proved to be an effective technology for diesel 

remediation; even tough different tests resulted in different removal efficiencies. All 

tests were done for a period of 28 days using a specific voltage of 1V/cm. 
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1. Introduction 

According to the European Environmental Agency, soil contamination 

requiring clean up is present at approximately 250,000 sites in the EEA member 

countries. And this number is expected to grow. Potentially polluting activities are 

estimated to have occurred at nearly 3 million sites (including the 250,000 sites 

already mentioned) and investigation is needed to establish whether remediation is 

required. If current investigation trends continue, the number of sites needing 

remediation will increase by 50% by 2025 [1, 2]. Although the range of polluting 

activities and their relative importance may vary considerably in each country, 

several main local sources of soil contamination can be clearly identified across 

Europe.  

The industrial branches such as energy production, chemical industry, 

metal working industry and oil industry are contributing to more than 50% of total 

sources of pollution in each country, except in Finland where other industrial 

branches are more relevant [3].  
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2. Materials and methods 

The base method for the current research, the electro-oxidation, is a branch 

of Direct Current Technologies (DCTs), which are remediation techniques for 

contaminated soils, in which an electrical field is created in the polluted medium 

by applying a low-voltage direct current to electrodes placed in the ground [3, 4]. 

Electric fields as well as electron transfer processes have been used for the 

decontamination of soils and underground water containing unwanted organic or 

inorganic substances [5, 6]. The main phenomena involved here are [6]: 

electrolysis, geochemical reactions, electrophoresis, electroosmosis, and 

electromigration.  

The samples were artificially contaminated with diesel fuel commercially 

available that was purchased from a gasoline pump at a typical refuel station. To 

prepare the diesel contaminated soil samples, the soil was at first dried and then 

spiked with diesel fuel. One kilogram of dry soil was mixed with about 100 mL of 

diesel fuel, and then the sample was stirred with stainless steel spoons in a glass 

backer, to ensure the contaminants to be evenly distributed trough the soil. After 

mixing, the sample was allowed to evaporate for about two weeks. Before the test, 

the spiked samples were saturated with demineralized water and allowed to 

evaporate overnight at room temperature before being inserted in the experimental 

setup. Two parameters were used to consider the contaminant content in the soil 

samples: TPH (total petroleum hydrocarbons), which refers to a family of many 

petroleum-based hydrocarbons, and TOC (total organic carbon), which represents 

the whole content of organic substances in the soil samples. 

The experimental part was divided in three parts: (i) tests performed only 

on contaminated clay (kaolin); (ii) tests performed only on contaminated sand and 

(iii) tests performed with both layers in different configurations. 

3. Experimental part 

3.1. Electrochemical remediation applied on clay (kaolin) 

The type of fine grain soil that was used to carry out the experimental 

investigation on diesel fuel remediation was speswhite kaolin. This type of soil 

could be classified as a silty clay, being mainly composed by particles having 

dimensions ranging between 2 µm and 75 µm (40%) or lower than 2 µm (60%). 

kaolin proved to be characterized by an iron content about 2794 mg/kgSS. Before 

being mixed with diesel fuel, the TOC of the soil was negligible (about 0.01 

mg/kgSS). The test was called ISEO_K and was performed for a treatment period 

of 28 days, with an applied voltage of 10 V (1 V/cm). 
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Fig. 1.Contaminant removal achieved during test ISEO_K 

 

The removal percentages for test ISEO_K1 increased with the increase of 

exposure time, both for TOC and for TPH. As for the results obtained at the end 

of the test across the soil samples, it can be noticed that the pH decreases with the 

increase of distance from cathode on one hand and on the other hand the TOC and 

TPH increases with the increase of the distance. 

 

3.2. Electrochemical remediation applied on sand 
 

The test ISEO_S has been performed on a sample of sand Vaga 12 of 

about 1.8 kg, artificially contaminated by diesel fuel. During the test, on the 

sample was applied a constant potential difference of 10 V, which corresponds to 

a specific voltage of 1 V/cm, for a period of 28 days. The initial sample of soil 

had the humidity equal to 23.9% and a pH of 8.88. Contrarily with what was 

noticed with the clay, in sand case, the electroosmotic flux it is formed after some 

days from the beginning of the sample (more precise after 94 hours) and not in the 

first hours of the test as for the clay. The test ISEO_S involved the application of 

electrooxidation to a homogeneous matrix composed of only sand for 4 weeks, 

using a specific voltage of 1 V / cm. The concentration (in terms of TOC and 

TPH) and efficiency of removal obtained are presented in table 1 and figure 2. 

 
Table 1.  

Contaminant concentrations and removal percentages obtained after test ISEO_S3 

Time 

[d] 

TOC 

[g/kgss] 

TPH 

[g/kgss] 

Removal 

TOC [%] 

Removal 

TPH [%] 

0 42.9 37.4 - - 

3 31.1 28.5 - - 

4 21.5 17.6 - - 

7 24.8 36.5 - - 

14 30.6 43.9 - - 

21 30.2 23.9 - - 

28 34.4 27.3 20% 27% 
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Fig. 2. Comparison between the TOC and TPH evolutions in time for test ISEO_S 

 

3.3. Electrochemical remediation applied on a mixed sample (sand 

and kaolin) 
 

Three types of experiments have been developed with a mixed matrix 

composed by sand and kaolin. The configuration for each test is presented in 

figure 3. 

 

  
 

a) b) c) 

Fig. 3. Configuration treatment for the electrochemical remediation of a mixed matrix: a) 

test ISEO_m1; b) test ISEO_m2; c) test ISEO_m3 

 

The test ISEO_m1 has been performed on a sample of sand Vaga12 and 

white kaolin of the total weight of 1.9 kg, both artificially contaminated by diesel 

fuel. The test was performed in an experimental setup that had shaped cubic (10 

cm x 10 cm x 10 cm).  

The values of TOC and TPH decreased so evident in the two layers of 

sand, except for the data referring to the last samples where the phenomenon can 

be due to the migration of diesel, while n the kaolin, TOC and TPH decreased in 

the first four days of trial and after that increased in the remaining period of 

treatment. The removal percentages reached, can be considered quite high for the 

sand, (especially for the layer of sand 2), when compared with previous tests 
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conducted on a sand matrix, where the removal was limited. In kaolin, however, 

the removal rate is very low. This fact can be justified by the phenomenon 

observed during this test, where it was noticed once the kaolin matrix releases the 

electroosmotic flux, succeed to each the initial humidity by taken the pore water 

contained in the two layers of sand. This exchange of pore water resulted in a 

transfer of diesel from the sand to the clay and this way the value of TOC and 

TPH increased. In fact the trend of humidity, TOC and TPH for kaolin were quite 

similar, showing a decrease in the first days of the test (when the flow is still 

present the electroosmotic flux) and increased after 4 days, as a result of the 

phenomenon described above. 

 

Test ISEO_m1 -  1 V/cm - TOC

0

10

20

30

40

50

60

70

80

0 1 2 4 7 14 21 28

Treatment period [d]

T
O

C
 [
g

/k
g

S
S
]

sand 1 kaolino sand 2

 
Fig. 4. Contaminant concentrations, in terms of TOC, measured during ISEO_m1 
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Fig. 5. Contaminant concentrations in terms of TPH, measured during test ISEO_m1 

 

The test ISEO_m2 has been conducted, with the main purpose to see 

whether the configuration of sand and kaolin layers, compared to the position of 

electrodes, influence the behavior observed in test ISEO_m1. In this test, the 

reactor cell is divided into two equal parts; the layer of sand has been inserted at 
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anode until the middle of the cell, while the layer of kaolin has been inserted from 

the middle of the cell to the cathode. 

The electrooxidation, however, appears to have acted in the first week of 

the treatment in kaolin, so that after the exchange developed between the sand and 

the kaolin the final concentration of contaminant in kaolin was higher than the 

values from the beginning of the trial. Furthermore, regarding the electroosmotic 

flux, the solution resulted at the cathode was analyzed by measuring the values of 

TOC and TPH. The water presented a TOC value of 3.16 g/L and a value of 4.20 

TPH g/L. Consequently, the total content of this TOC in the electroosmotic flux 

was of about 0.4 g, while the TPH was 0.6 g. The total mass of kaolin used for the 

test was equivalent to 0.7 kg and had a TOC equal to 64.1 g/kgSS and TPH of 

39.9 g/kgSS, corresponding to a total of TOC equal to 24.5 g and 15.24 g TPH. 

Thus the fraction of contaminant removed through the electroosmotic flux is equal 

to 1.6% for the TOC and 4.5% for TPH, which can be considered negligible in the 

final removal of diesel. 
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Test ISEO_m2 -  1 V/cm - kaolin
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Figure 6. Contaminant concentration measured at the beginning and at the end of the 

treatment  

 

The test ISEO_m3 is, as the two tests described above (ISEO ISEO_m1 

and ISEO_m2), a test performed on stratified sample. This time, the layers of soil 

were placed horizontal in the electrochemical reactor, precisely on the bottom of 

the reactor we have sand until and on the top we have kaolin as shown in figure 

3c. The removal percentages of the two matrixes are presented in the figure 7. 
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Figure 7. Comparison between removal percentages of the sand and kaolin 

 

As it can be seen from the charts shown, the kaolin shows a modest 

decline in TOC and TPH at the end of treatment, while the sand shows a good 

removal. This fact leads us to believe that, again, has witnessed the phenomenon 

of exchange of pore water between sand and kaolin. During this test, the kaolin 

had a final humidity of about 8 percentage points lower compared to its initial 

humidity. Even the sand presents a decreasing in humidity at the end of the 

process. The fact that the kaolin has failed to recover all the quantity of water lost 

through electroosmosis underlines the fact that the clay is able to take the water 

from the sand, because the kaolin is located above the sandy layer and have to 

defeat the gravitation in order to move the water from one layer to another. 

This most likely has reduced the exchange between sand and kaolin also in 

terms of the contaminant. In this way, the electrooxidation could act, however, 

leading to some removal of contaminants in kaolin. 

4. Conclusions 

A series of trials have been performed in order to assess the efficiency of 

the electrochemical treatment on different types of matrix: sand, kaolin and a 

mixed matrix composed of sand and kaolin. It was observed that the removal 

percentages obtained during the tests performed on a sand sample are smaller 

compared with the removal percentages reached in kaolin. In order to activate the 

electrooxidation processes it is not necessary the formation of electroosmotic flux 

(never registered in the sand).   

It can be noted that the contaminant removal increases significantly with 

the duration of the process, or better said longer last the treatment, better are the 

results. Concentration profile along the sample is not always uniformly 

distributed; sometimes some areas present a higher remediation than others. This 

probably is also due to the fact that the diesel, in a matrix of sand, is characterized 
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by a quite high hydraulic conductibility and because of that tends to migrate at the 

top of the sample. 

In the electrooxidation tests, conducted on a stratified sample composed 

by sand and kaolin in different configurations it was observed the fact that only 

electrooxidation, applied on a stratified sample, is not effective for removing the 

contaminant in the whole sample of soil, because it was created a strong non-

uniformity in contaminant degradation favoring the remediation in sand and 

limiting the removal in kaolin. In fact, the sand has reached during the tests with 

only electrooxidation to an efficiency of about 31-69% in terms of TOC and 33-

77% in terms of TPH. In addition, it was observed that the removal percentages in 

sand for this test are higher than the ones obtained at the end of a test performed 

with only electrooxidation, with the same voltage, on a sand sample (percentages 

ranging between 20-35% for both TOC that TPH). The non-uniformity in 

contaminant removal, which is observed between sand and kaolin, can be 

attributed to an exchange of interstitial flow that moves from sand towards kaolin, 

due to the formation of electroosmotic flux in kaolin, resulting in the creation of a 

negative pressure gradient. This exchange of pore water between sand and kaolin 

depends on the sand and clay distribution (vertical layers, horizontal layers, the 

kaolin position respect to the sand position).  

Based on the results of this study, electrochemical treatments proved to be 

effective for kaolin when it is treated alone and for sand when is in a hybrid (sand 

and kaolin) sample. Some studies are still in progress in order to find a solution to 

remediate sand and both sand and kaolin in hybrid sample, using electrochemical 

methods. 
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